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FOREWORD 


This  repor:  di'ils  with  three  sepiirate.  but  related,  aspects  of  the  by* 
'^’•open  cmbr  ittlemerit  pro  Diem,  The  report  is  categorized  .nto  three  dis- 
»ei.'tions  v.ith  each  section  I’epresenting  a  complete  phase  of  the  gen- 

liign  strength  steels.  Sertion  !I  is  concerned  with  the  hydrogen  embrittle¬ 
ment  and  hydrogen-induced  strain  aging  of  titanium  alloys,  while  .^**rtion 
III  presents  results  on  the  hydrogen  embrittlement  of  fa  r  p -c  ente  red  cubic 
metals 

This  woi’k  represents  the  final  report  of  the  investigation  performed 
at  Case  Institute  of  Technology,  Clc»c*and,  Ohio,  under  USAF  Contiact 
AF  i  3{*>  In)  -  343  1,  during  the  period  March  31.  191'b  to  March  31,  1939. 

The  f*roject  was  initiated  under  Project  7021,  "Solid  State  Resea-rcliand 
Properric'5  of  Matter,"  and  Task  70o4f>,  "Effect  of  Environnient  or  the 
Internal  Structure  of  Solids." 

The  project  vas  admin'Stered  under  the  direction  of  Attwell  M. 

Adj^iv  Tael-  Metallurgy  R<=‘search  Branch,  Aeronautica  Ke- 

search  Laboratori  js,  Directorate  of  Research,  Wright  Air  Development 
Center . 

Of  the  autho/s,  P.  A.  Blanchard,  R.  j.  Quigg,  F  W.  Schaller  and 
E  A.  Steigerwald  are  Graduate  Assistants,  and  A.  R.  Troiano  is^  Mead, 
Department  of  Metallurgical  Engineering. 
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ABSTRACT 


^bis  report,  which  describee-  the  influence  of  hydrogen  on  the  mechan¬ 
ical  pt  Opel  ties  of  high  strength  steel,  titanium  and  face-centered  cubic 
metals,  is  divided  into  three  sections. 

SECTION  I  DEI^AYED  FAILURE  IN  HIGH  S  I  RENGTH  STEKE' 

The  initiation  of  localized  cracking  in  a  hydrogenated  liip.h  strengih 
steel  specimen  was  fonnd  he  dependent  on  the  development  oi  a  critical 
hydrogen  concentration  and  relatively  insensitive  to  the  magnitude  of  the 
applied  stress.  The  stress  played  an  essential  role  in  the  delayed  failure 
process  by  providing  the  means  for  grouping  the  hydiogen.  Assuming  ..hat 
the  rate  of  stress- induct  d  diffusion  was  a  direct  function  of  the  ap])li*-d 
stress,  the  predicted  relationship  between  incubation  time  and  strL^ss 
agreed  reasonably  well  with  experimental  d  o;. 

SECTION  II  HYDROGEN  EMBRIT TLEMEK  i  *  S  I'RAIN  AGING  IN  Tl- 
TANIUM  ALLOYS  ; 

7 

Low  strain  rate  embrittlement  in  t-ftanium  alloys  car^be  classified  a.*' 
a  strain  aging  phenomenon.  Prestraining  and  aging  an  alpha-ils^ta 
alloy  resulted  in  ductility  mininuim  at  EOine  intermediate  aging  time  It 
appears  that  migrates  to  a  region  of  inhomogeneous  strain,  wberv 

a  high  stress  state  cxista,  and  creates  this  embrittlement  The  restora* 
tion  of  ductility  at  long  aging  Jjmes  was  attributed  to  recovery  with  suu- 
sequent  redistribution  of 

H 

Low  strain  rate  hydrogen  cmi>r ittlement  was  obtained  .foi  an  aTphs 
alloy  and  a  b/ita  all^^  Hydrogen  in  ^nall  quantities  seemed  to  aid  creep 
resistance  in  the^rp+ra  alloy  The  Xi&a  alloy  was  resistant  to  nominal 
quantities  of  lr)«4rng»n  (420  ppm),  but  did  show  embrittlement  at  higher 
levels 

SECTION  ill  HYDROGEN  EMBRITTLEMENT  OF  SEVERAL  FACE-CEN- 
TERED  CUBIC  ALLOYS  ; 

V 

/  The  hydragen  embrittlement  of  austenitic;  Ni-Cr-Fe  alloys  and  OFHC 
copper  has  been  investigated  Ni-Cr-Fe  alloys  were  embrittled  by  hydrogen 
and  their  embrittlement  was  demonstrated  to  be  of  the  same  nature  as  that 
of  steel 

A  qualitative  mechanism  was  presented  w'hich  metaled  that  only  the 
transition  metals  should  be  capable  of  convcntioxiai  hydrogen  embrittlement 
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i'ins  hanisin  also  accounted  for  the  observed  decrease  of  emL- 

ill  tlic  a  u  s  ti‘ Hi  L  i  i.  e  alloys  witl'i  iiiC  ^Fe  i  Or)  coiite 
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ABSTRACT 


The  initiation  of  localized  cracking  in  a  hydrogenated  high  strength 
steel  specimen  was  found  to  be  dependent  on  the  development  of  a  critical 
hydrogen  cone  ntrati;-n  and  relatively  insensitive  to  the  magnitude  of  the 
applied  stress.  The  stress  play'ed  an  essential  role  in  the  delayed  iailure 
process  by  providing  the  means  for  grouping  the  hydrogen  Assuming  that 
the  rate  of  stress-induced  diffusion  v/as  a  direct  function  of  the  applied 
stress,  the  predicted  refatsonship  between  incubation  time  and  stress 
agreed  reasonably  we!.l  veith  experimental  data 
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i  INTRODUCTION 


T  le  ability  of  small  quantities  of  hydrojicn  to  drastically  embrittle 
metals  has  long  been  recognized  Only  recer.lly.  however  a  new  facet  of 
hydrogen  embrittlement  which  involves  the  auil.tv  of  hydrogen  to  produce 
delayed  lailure,  has  beer,  observed  and  studied  I  1 -9  J '■ 

ffplnyed  failure,  or  as  it  is  also  termed  -  static  fatigue  is  defined 
as  the  properly  of  a  material  to  tail  under  the  action  of  a.  sustained  load, 
even  though  it  i  i  capable  of  supporting  a  higher  load  for  a  finite  pcriud  of 
time  Steel  parts  which  exhibit  delayed  failure  have  iisuallv  been  subjected 
to  a  hydrogen  environment  sometime  during  their  processing  and  static 
fatigue  in  high  strength  steels  has  been  definitely  attributi?d  to  hydrogen  (1) 

The  major  portion  of  'he  delayed  failure  .studies  have  been  conducted 
by  testing  electrolytic  ally  hydrogenated  specimens  at  a  constant  tensile  load 
and  recording  the  time  to  failure  A  typical  static  fatigue  curve  which 
charts  the  fracture  time  as  a  function  of  applied  stress  is  shown  in  Fi"  1. 

It  is  characterized  by  three  disf.net  regions;  an  upper  critical  stress  which 
is  the  notched  tensile  strength,  a  lower  critical  limit  below  which  no  f.ail- 
ure  occurs  and  a  range  of  d<  layed  failure.  The  influence  of  strength  level 
notch  acuitvf  hvdroger  concentration,  hydrogen  distribution,  prestres sing 
and  temperature  on  the  delayed  failure  parameters  has  been  extensively 
investigated  (I,  4,  5.  7,  T) 

Immedialelv  after  a  short-'. me  <  athodir  charging  operation  specimens 
have  an  extf em.dv'  heterogeneous  hydrogen  concentration  lehich  is  localized 
at  the  surface  Barnett  and  Troiaao  (3)  used  resistance  measurements  to 
determine  the  kinetics  of  crack  growth  in  such  specimens  .and  concluded  that 
the  delayed  failure  was  dependent  on  the  growth  of  the  crack  which  accom¬ 
panies  the  macroscopic  diffasio.i  of  hydrogen  into  the  specimen  A  quanti¬ 
tative  analyses  of  the  He luy*"!  failure  mc  chaniim,  however  was  difficult 
with  a  hctc  rOgeiieous  hydrogen  distribution  due  to  the  continuallv'  changing 
hydrogen  content  as  a  result  of  redistribution  and  outgassing 

A  more  refined  approach  to  the  delayed  failure  problem  from  both  a 
practical  and  theoretical  viewpoint  was  employed  by  Johnson.  Morlet  and 
Troiano  (7)  who  utilized  a  charging,  plating  and  baking  sequence  to  produce 


'  Numbers  in  parentheses  pertain  to  references  in  the  Bibliography. 


Manuscript  was  released  by  'he  authors  as  a  WADC  report  on  1  April  1939 
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a  relatively  lovv.  but  unirurni  hydrogen  convontralion  The  ueneral  lidiuri- 
f.hr  dolaynd  failure  behavior  of  uniforniK  !i\ ilro^tMiritod  iurtteriai  v\af, 
similar  to  lhal  obtained  for  sprtimens  with  a  lie teroi^eneous  hydrogen  con¬ 
tent.  I’Lc  (.  rack  kinetics,  iiowcvcr.  were  altered.  With  a  uniforin  hydro¬ 
gen  content  a  definite  incubation  period  preceded  ihe  initiation  of  a  crack 
which  ultimately  led  to  failure.  The  incubation  period  was  believed  Vo  be 
the  time  required  ’or  sufficient  hydrogen  to  concentrate  in  a  localized  iri- 

tiXirtl  iXr^njii  tiJiii  initidtf  i  rcit-'k. 

Tests  conducted  at  low  tempera tu-es  .“ihowi'd  that  the  hydrocen -in - 
duced  slow  crack  growth  occurred  discontinuous  1  y  (d)  This  indicated  that 
the  dclayod  failure  process  involved  a  seiios  of  crack  initiations  with  in¬ 
stantaneous,  but  limited  p ropagat if n ,  rather  than  the  continuou.s  growlii  of 
a  .single  crack  The  low  temperature  results  also  showed  that  the  acli\a- 
tion  energy  for  the  incubation  time  agreeii  with  tiiat  lor  the  diffusion  of  .hy¬ 
drogen  in  .i.lpha  iron  and  that  the  relationship  In  tween  .stress  and  liydrogon 
necessary  to  initiate  a  crack  was  not  signiiica  itly  altered  over  tne  tem¬ 
perature  range  examini'd. 

Since  delayed  failure-  is  merely  a  sorws  of  crack  initiations,  the  fac¬ 
tors  involved  in  determining  the  incubation  time  are  particularly  significant 
in  explaining  the  delayed  failure  mechanism  1  ho  imtiation  of  a  hydrogen 
induceti  crack  is  dependent  o.n  tW'O  factors-  (.a!  the  .‘it  res.i  -  ind-uccci  diff;i.s-o:. 
of  hydrogeri  producing  an  apprcciabie  hydrogvi;  buiTi  ..p  in  ..  d  re¬ 

gion  and  (b)  the  basic  effect  of  hydrogen  on  the  material  causing  localized 
failure,  1.  e.  a  crack. 

The  ability  of  hydrogen  to  lower  the  frac  ture  .stress,  which  represents 
the  latter  component  of  the  initiation  process,  has  been  (he  primary  subject 
of  many  thesories  dealing  with  hydrogen  embrittlement.  Th.e  majority  of 
investigators  hav'e  concluded  that  the  hydrogen  pressure  m  certain  voids 
cl  1*  1  mpic r f c c 1 10 ns  which  act  as  the  fractuio  eiiivi^Os  leuus  to  luwer  ine 
stress  at  which  thece  embryos  become  active  Fetch  and  Stables  (10) 
postulate  that  the  surface  adsorption  of  hydrogen  lowers  the-  s'urface  energy 
necessary  for  the  extension  of  a  crack.  De  Kazinczv  (11)  presents  a  ther¬ 
modynamic  argunienl  based  on  the  fact  that  the  hydrogen  gas  present  in  the 
voids  releases  energy  through  the  expansion  which  accompanie.s  mack 
growth  This  energy  then  aids  in  the  subsequent  propagation  of  the  crack 
Zapffe  (12),  and  Bastien  and  Azou  (13)  propose  that  the  pressure  o':  hydrogen 
in  the  voids  or  lattice  imperfections  produces  a  triaxia’  si*-..*-  vtate  wi’ich 
promotes  fracture.  A  somewhat  divergent  viewpoint  has  been  presented  by 
Jrlcrlct,  uohiiscn,  snc-.  a.  roi^no  \\A).  Ao  ^  ic&uit  ui  diiu 

experiments  on  high  tirreiigth  steel,  they  concluded  that  the  hydrogen  con¬ 
centration  in  the  triavial  region  in  front  of  a  void  or  large  lattice  iitaper- 
fCwtion,  ratiitci  than  the  pressure  withi-i  the  void,  is  the  determining  factor 
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for  embrittlfrnent 


Since  each  of  the  theories  used  to  explf.in  hydrogen  embrittlement  is 
dependent  on  a  critical  combination  of  hydrogen  and  stress,  they  can  in 
principle  be  applied  to  ll.e  presen-ly  proposed  niialitative  mechanism  for 
delayed  failure  (7).  There  are  several  facets  of  the  delayed  failure  ^rob 
lem,  most  notably  the  insensitivity  of  the  incubation  time  to  applied  stress 
which  have  not  been  completely  explained  The  purpose  of  this  investiga¬ 
tion  was  to  examine  the  parameter  of  incubatiGri  time  m  an  viiurt  to  extend 
the  mechanism  for  the  static  fatigue  process. 
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II  MATERIA1.S  AND  PROCEDl’RE. 


!  SPECIMEN  PREPARATION 


Aircraft  quality  SAE-AISI  -1340  steel  of  the  following  chemical  analysis 
was  used  for  the  investigation 


Composition  of  4340  Steel 

^  Mn  Si  _ Ni  Cr 

0  iO'i'fo  0  82%  0  29%  i  7(1%  0  "8  5% 

The  niaterial,  designated  as  heat  G  was  furnished  by  the  Republic  Steel  Co 
in  5/8"  hot- rolled  bars  Specimens  were  machined  from  stock  heat  treated 
to  a  230.  000  psi  .strength  level  according  to  the  following  .sequence 

a;  Normalize  bar  stork  at  i65o‘’F  tor  one  hour. 

b)  Stress  relieve  at  1200“^?  for  four  hours  and  furnace  cool, 

c)  Rough  machine  specimen  blanks  fno  notch)  O.O.'iC"  oversize 

d)  Austenitize  blanks  at  1550“f  for  45  minutes  m.  a  salt  bath 
and  oil  quench 

el  Temper  one  hour  at  750°F 
1 1  Fill!  sh  .-nac  lime 


Wo 

0.  25% 


Tensile  specimens  with  geometries,  as  inoicated  in  Figs  2  were  em¬ 
ployed  for  the  experiments  The  specimen  tenec,  eomparahlf-  to  the 

norn..»,  unnotched  and  60"  V-nolth  specimens  used  m  previous  delayed  fail¬ 
ure  sludic'3  (1  7). 


2  HYDROGEN  CHARGING 


Two  types  of  charging  conditions  were  employed.  For  the  dnlayed 
failure  studies,  specimens  were  degreased  in  carbon  tetrachloride  and  then 
cathodically  charged  for  five  minutes  in  a  -5%  sulfuric  acid  solution  at  a 
current  density  of  0  02  amperes  per  square  inch.  Following  charg.-e  the 
specimens  ware  washed  in  water  and  cadmium  plated  in  a  sodium  cyanide- 
ca^ium  oxide  bath  for  fifteen  minutes  at  twenty  amperes  per  square  foot 
(i6).  In  order  to  homogei.iise  the  hydrogen,  distribution  the  specimens  were 
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bakfd  for  thri  o  hours  at  30O''‘F  in  an  air  furnace  Previoua  work  (7)  has 
indicated  that  with  bakinp  times  in  excess  of  one-half  hoi.r  a  uniform  hydro¬ 
gen  distribution  is  present. 

Tensile  tests  were  performed  on  specimens  which  had  been  ciiarged 
for  Z4  hours  in  a  solution  of  4%  sulfuric  acid  plus  a  poison  The  poison  was 
a  solution  of  2  grams  of  yellow  phosphorus  in  40  cc  carbon  disulfide  and 
was  added  in  the  ratio  of  10  cc  to  every  900  cc  of  electrolyte.  The  speci¬ 
mens  were  charged  for  24  hours  to  obtain  a  uniform  hydrogen  content  with¬ 
out  baking  7  he  current  density  whicli  determines  the  hydrogen  content 
under  these  conditions  (16)  was  varied  between  0.  0005  and  0  20  amperes 
per  square  inch  Hydrogen  analyses  were  performed  by  the  Acid  Open 
Hearth  Committee  at  the  University  of  Pittsburgh 


3  TESTING  METHODS 

Both  the  tensile  ard  delayed  failure  tests  were  conducted  with  concen¬ 
trically  ai.gi.ed  fixtures  whicli  insured  an  eccentricity  of  less  than  0  001"  in 
uniaxial  loading  The  tensile  tests  icere  performed  in  liquid  nitrogen  at  a 
constant  crosshead  speed  of  C.  05  inches  per  minute.  The  time  between 
charging  and  vesting  in  liquid  nitrogen  v/as  in  all  cases  less  than  five  min¬ 
utes  The  static  fatigue  tests  were  co.'.iductcd  at  room  temperature  on  con¬ 
stant  load,  lever  arm  st  res  s  -  rupture  machines.  The  crack  kinetics  and 
incubation  times  were  deterniiued  with  the  especially  adapted  Kelvin  double 
bridge  which  has  been  previously  described  (3) 
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iil  RESULTS  AND  DISCUSSION 


i  INCUBATJON  TIME 

A  partituIarJv  pcTpiexinj*  problem  in  explainii-p  statu  fatipue  ol  Mjjh 
strength  steels  is  the  i  nsensil  i  vi  ty  oi  the  incubatu>n  tiiue  to  the  magni’ude  of 
applied  stress  (1 )  Since  the  iiuub.ilion  period  at  a  iMv^en  stress  is  ihe  tiu-.i- 
required  for  the  hveirogen  to  build  up  to  a  sul'fu  lenl  c  one ent  ration  to  initjale 
a  t  rack,  one  vvouJd  expert  that  at  a  high  stress  ie.ss  hvdiogen  would  be  re¬ 
quired  hence  a  shorter  incuhation  time  would  result.  In  additic'r  dri\  • 
ing  force  for  the  diffusion  is  stress  therc'/ore  as  tnts  driving  force  is  in¬ 
creased  tin*  rate  of  diffusion  should  increase  also  leading  to  a  shorter  ui- 
l  ubation  period  at  higher  stressi  s  ip  the  statu  fatigue  of  glass  (he  frac  ¬ 
ture  time  is  stronglv'  de  pendent  on  llu'  applied  stress  (1?)  however  nt/  sue)) 
dependency  is  present  in  the  high  sfiengt.h  steels  H) 

A  poss.ble  explanation  lor  this  behavior  lies  ii.  the  effect  o:.  plasUc 
deformation  7f  At  higlier  stresses  more  deformation  slioiild  occur  re  ¬ 
sulting  in  strain- induct  d  trapping  ef  hydrogen  wluch  could  compensate  lor 
ti'.e  stress,  per  se  and  result  in  the  observed  insersiti vitv 

In  an  effort  to  determine  the  role  cf  pl-»stic  deformation  on  the  inrsila- 
tion  time  notched  tensile  spec  •iTu-ns  were  leaded  at  OhO  p?i  for  tv.o  liiiii- 

i;tc5  prioi  lu  hycirogon  ct'.ari»tng  FoHowirg  this  prestressing  the  specimens 
were  charged,  plated  and  baked  three  hours  at  300*^F.  A  curve  of  the  in¬ 
cubation  time  as  a  function  cd  applied  stress  :s  pr.  sejited  in  Figure  3  Pre- 
strfissing  had  no  influence  on  the  general  features  cf  the  incubation  period 
wh:  ;li  still  exhibited  only  a  very  slight  dependency  on  the  applied  stress 
.Since  loading  subsequent  to  th«=*  prestressing  should  not  c(lf»  r.t  the  size  of 
the  lattice  void  or  'mpe r/ections  whuh  are  believed  to  produce  the  strain- 
induced  trapping  of  hydrogen,  the  factor  of  strain  -  indnr  ed  trapping  cuuln 
not  be  the  critical  cue  accounting  for  the  behavior  of  the  incubation  time. 

In  addition,  if  pldStic  flow  were  significant  .n  determining  the  shape 
of  the  strcss-mcubation  time  leJutionship  the  factors  such  as  decreased 
temperature  and  increased  strength  level  a  huh  inhibit  flow  should  be  re¬ 
flected  in  the  delayed  failure  behavior  Since  nc  '.hei  of  these  factors  alters 
the  general  features  of  the  incubation  tirr.e  .'1  5.  9i  it  seems  reasonable  to 

conclude  that  in  an  analysii-  of  the  ncubat.on  t^me  in  sharp-notched  speci¬ 
mens  of  high  slrengtii  steels  the  role  of  strain- induced  trapping  of  hydrogen 
can  be  neglected 
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A  Relationship  Between  Stress  :in6  I'v-'rogen  Content  Necessary  for 
Cracie  Initiation 


Ore  basic  component  of  the  ii  cn!  => lux  ’  in-  is  '.he  relationship  between 
the  hydrogen  content  and  .itres.=i  -v'  .i  b  is  noi  .-ssary  to  initiate  a  crack  A 
normal  rooir.  temperature  tensile  test  which  measures  some  ductility  or 
strength  parameter  as  a  function  of  hydrogen  content  does  not  yield  the  de¬ 
sired  relation  At  room  temperatcre  ->2  a  result  of  s  tress  -  induced  diffusion 
during  the  test,  the  hydrogen  content  at  the  com.  of  c  lack  initiation  is  iiot 
knovvii.  In  aud.itiQti  tliC-  stress  at  which  the-  iirst  -cre--  k  .  'i.iates  may  riOt  cor¬ 
respond  with  the  stress  at  which  failure  of  the  suc-f  up* n  oiicurs  In  deter¬ 
mining  the  stress -hydrogen  relationship  which  yr '  >  ;  -s  ,,  -  rack  it  is  then 

necessary  to  test  under  conditions  where  o,.  hyt'  ;..'n  .  onieiit  is  measur¬ 
able,  that  IS,  not  altered  dui -ng  testing  The  conditions  of  testing  must 
also  he  such  that  the  failure  oi  c'ch  sj^-eri*-  -'n  is  essentially  coincident  with 
the  initiation  of  the  first  crack.  Such  co.  e  attained  at  low  temper¬ 
atures,  Previous  work  (9)  has  shown  thr-*  c!  l  -nperaliires  the  incuba¬ 

tion  time  IS  prolonged  in  accordance  wit.  rfe.  ed  diffusion  rate  for 
hydrogen  Hence  at  liquid  nitrogen  tem.p  .tu.r-  illusion  during  the  test 

which  might  alter  the  local  hydrogen  '  ..c  ..v’  be  ml  At  tempera¬ 
tures  be.,  -y  -50°F  the  incubation  ti!i-«  .  pd  failure  is  also  coincident 

with  the  fracture  time  (9),  that  is  one-  ,  ,^j-ack  initiates  it  instan- 
taneou.sly  propagates  through  the  »  •  r  .auting  failure 


Tests  were  conducted  in  liquid  nn.-o^ 


cent  reduction  in  area  was  used  as  ; be 
britldement  and  the  hyd:  <  -en  cr  »t  ,.i 
current  density,  In  accordance  —  r  •  * 
linear  relatioiship  existed  between  tn- 
the  hydrogen  content  over  a  consul,  'a', 
Above  approximately  8  pom  of  hvdro-  . n. 
came  essentially  independe  -  rrent 

discussed  by  de  KsKinci;.  "'I",  •'nf-  .  -  •’ i 
content  became  independent  ot  cn.-:  mtii 


T  )  u-iing  type  A  spe-i- 
:rr  _ 1  /. .  . . j 

/o  oviiiux  xi.  ocjia.  x-cr< 


; be  ..  -ie*er  >  indicate  degree  of  om- 
..i  ...  •'uricd  by  regulating  the  charging 

...  r  ‘.iT-aly  published  results  (16)  a 
"•  tn-  thm  of  the  current  density  and 

.  -a',  nge  oi  current  densities  (Fig  4) 

ro-  -n.  .-  -  the  hydrogen  co’itent  ho¬ 

rrent  density  This  phenomenon  has  been 
.  .  •’i  that  the  point  at  which  the  hydrogen 
yirii  .  .b-n  itv  corresponded  to  the 


current  at  which  the  sp  ■  ..i  Ir..  ,  u-...  ty  by  blistering  or  t  racking.  In 
this  investigation  also  the  '  int  at  which  K.s  hyd  ogon  content  as  a  function 
of  charsting  current  dersity  ^eviated  i.  m  ime  ir.  was  exactly  -where  irre¬ 
versible  einbritt.’.emerit  started. 


Figure  5  shows  the  effect  of  hydrogen  content,  indicated  by  the 
logarithm  of  current  density,  on  'lie  unci  .‘I'  v  -of  lae  hig’-  strength  steel  at 
-321°F.  The  results  show-  that  the  r elati-'pehii-  '  .--tv,  .on  nydrogen  and  stress 


necessary'  to  initiate  a 


tent.  Below  approximately  5  ppm  of  hydrogen  no  emonttiement  occurs,  but 
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when  this  critical  hydrogen  content  is  catastrophic  emur ittiement 

takes  place  The  initiation  ol  a  hydrogen-induccd  crack  above  some  thresh¬ 
old  stress  IS  therefore  dependent  on  the  development  of  a  critical  hydrogen 
content 


Since  the  basic  nature  of  delayed  failure  is  not  markedly  influenced 
by  temperature,  the  initiation  of  a  crack  at  room  temperature  would  also 
be  dependent  on  the  development  of  a  critical  hydrogen  content.  Once 
above  some  thrv"ai)old  value  ti  e  5iref>s  jxi  the  delayed  failure  process  merely 
serves  to  produce  sufficient  hydrogen  grouping  lo  initiate  a  crack. 


The  theories  of  hydrogen  embrittlement  which  are  used  to  explain  the 
action  of  hydrogen  on  the  metal  are  dependent  in  some  form  on  the 
calculated  pressure  developed  by  the  hydrogen  in  a  type  of  void  or  imper¬ 
fection  The  nieclanisms  proposed  by  Fetch  and  Stables  (10)  de  Kazinezy 
( .  i ).  Zapffe  (12)  and  Bastien  and  Azou  (13)  are  di  I'v  dependent  on  the 
pressure  in  an  impierfec  tion,  while  m  the  resuUs  presented  by  Morlet. 
Johnson,  and  Troiano  (l-l)  the  pressure  in  the  void  influences  the  embrit¬ 
tlement  by  regulating  the  hydrogen  content  in  the  lattice  adjacent  to  the 
void  Several  niethods.  which  yield  essentially  equivalent  results  may  be 
used  to  determine  the  relationsliip  between  hydrogen  content  and  hydrogen 
pr*‘b»urn  (11.  19)  Figure  o  represents  the  relationship  between  prv’ssure 
and  hvarogen  content  calculated  by  the  method  of  de  Kazinezy  (11)  for  a 
steel  will)  0  OOb7o  voids  These  results  indicate  that  the  calculated  press',  re 

The  similar  ’  the  experimentally  determined  relaMonship  between  stress 
and  hyd’^e  gen  c  unfent  (Fig  3)  and  the  calculated  relationship  between  pres¬ 
sure  and  hydrogen  (f-  ig  b)  is  apparent  These  results  indicate,  in  agree¬ 
ment  with  the  postulated  mechanisms,  that  the  pressure  is  'he  critical 
parameter  influencing  embrittlement. 


Although  the  experimental  results  are  qualitatively  explainable  on 
tins  basin  no  vlcfiiiite  concJusiori  rcgaruiiig  the  exact  mechanism  which  it> 
operative  can  be  made  since  each  is  dependent  in  some  form  on  the  hydrogen 
pressure 


3  The  Role*  of  Si ress- Induced  Diffusion 


Since  the  embrittlement  due  to  hycirogen  is  dependent  almost  entirely 
on  the  development  of  a  critical  hydrogen  content  rather  than  a  critical  re¬ 
lationship  between  hydrogen  and  stress,  the  relative  insensitivity  of  the 
incubation  time  to  applied  stress  is  understandable  on  this  basis  alone. 
Ilowever  tlie  role  of  Dtresf?- inducen  diffusion  ti'tu&l  slill  be  cia mien,  m 
the  analysis  of  the  interaction  between  a  carKon  or  nitrogen  interstitial  and 
the  stress  field  of  a  dislocation  Cottrell  and  Bilby  (20)  determined  that  in 
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the  initial  stages  of  aging  the  rejationship  between  interstitial  concentration 
and  time  can  be  represented  as 


n 


,  ADt  2/  3 
“"o<  Tt  ' 


(a) 


where  n 


jiumber  of  solute  atoms  which  arrive  in  time  t 


n^  -  total  number  of  atoms  in  solution  p<'r  unit  volume, 

D  diffusion  coefficient,  k  :  Boltzmann  constant 

T  absolute  temperature,  a  -  constant,  and 

A  -  term  dependent  upon  shear  modulus,  distortion  duo  to 
interstitial,  and  the  strength  of  the  stress  lield  about 
the  dislocation. 


The  delayed  failure  in  notched  tensile  specimens  of  high  strength  steel 
has  been  qualitatively  <jxplained  on  the  basts  of  the  stress  -  induced  diffusion 
of  Hydrogen  to  the  region  where  fracture  is  initiated  (7).  If  the  fracture 
embryo  is  considered  as  a  blocked  dislocation  array  of  the  type  described 
by  Stroh,  Cottrell  and  others  (2l  -  24),  the  most  effective  frarlure  embryos 
Will  probably  be  located  in  the  region  of  tlie  elastic  plastic  interface  near 
the  b?».se  of  the  notch,  since  at  this  point  the  macroscopic  stresses  will  be 
triaxial  and  have  tlieir  maximum  values.  The  stress  field  about  such  a 
blocked  array  of  dislocafinns  will  be  romnarable  To  the  field  about  a 

dislocation  (25).  It  then  appears  reasonable  to  aosumc  that  for  the  stress- 
induced  diifucior.  of  hydrogen  the  local  hydrogen  concentration  as  a  func¬ 
tion  of  time  will  be  governed  by  a  relationship  similar  to  equation  (a). 


H 


"'’■o 


p3D; 

kT 


m 


'b) 


In  this  case  is  the  numbe  ■  of  h/drogen  atoms  at  the  point  of  max¬ 
imum  binding  energy  which  arrive  in  time  t,  B  is  dependent  on  the  distor¬ 
tion  of  the  lattice  due  to  hydrogen,  on  the  elastic  constants  and  the  partic¬ 
ular  external  notch  geometry,  and  p  is  ti.e  applied  stress.  The  exponent 
(m)  would  be  different  from  2/3  as  a  result  of  the  perturbation  of  the  stress 
f.eld  of  the  dislocation  by  the  appUod  stress  and  the  external  notch. 

In  order  for  embrittlement,  i  e  local  crack  initiation,  to  occur  n^ 
must  equal  the  critical  hydrogen  content  Hence  at  a  given  tem- 
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perature  and  r.otcii  equaiion  {b)  can  be  written  as; 


p  t  -  constant. 
1 


(c) 


Vrliere  is  the  incubation  time  corresponding  to  an  applied  stress  of  p^.  On 
this  basis  the  incubation  time  as  a  function  of  applied  stress  can  be  calculated 
usini’  onp  evnorimental  point  lo  evaluate  the  constant.  Figure  7  represciits 
a  comparison  of  the  relationship  between  stress  and  time  as  determined  by 
equation  (c)  and  by  experiment.  The  slopes  of  the  predicted  curves  agree 
reasonably  well  with  the  experimental  behavior. 

The  delayed  f3ilure  process  is  therefore  essentially  dependent  only  on 
the  development  of  a  critical  hydrogen  content  The  stress  in  the  failure 
range  influences  the  process  primarily  through  its  ability  to  produce  a  crit¬ 
ical  amount  of  hydroge.i  grouping  in  the  region  w'here  a  fracture  embryo 
exists . 


Z.  MAC  ROSCOPIC  CRACK  GROWTH 

The  mechanism  of  crack  propagation  in  hydrogen-induced  delayed 
failure  involves  the  stress-induced  diffusion  of  hydrogen  to  the  region  of  a 
dislocation  array  When  a  critical  hydrogen  concentration  is  attained,  in¬ 
stantaneous.  but  limited  crack  growth  takes  place  The  actual  growth  of 
the  macroscopic  crack  occurs  discontinuouslv  w'lth  the  total  growth  time 
being  composed  ol  a  senes  of  crack  iriitiatioiis  v^). 

Ideally  the  cross-sectional  area  of  the  specimen  decreases  concen¬ 
trically  by  a  small  increment  of  area,  A  A.  after  each  crack  initiation.  At 
room  temperature  in  hydrogenated  230,  000  psi  strength  level  material  each 
increment  decrease  of  specimen  area  A  A  is  very  small  and  the  resultant 
effect  is  that  the  macroscopic  crack  grcw'th  curve  appears  continuous.  Since 
each  initiation  is  dependent  on  the  diffusion  of  hvdrogen,  the  overall  contin¬ 
uous  crack  growth  curve  should  a»»  a  ^irst  approximation  be  governed  by  the 
rate  of  movement  of  hydrogen.  The  rate  of  interstitial  movement  can  be 
expressed  as 


D 

kT 


F 


(d) 


where  Vj  is  the  velocity  of  interstitial  moveir.erit,  D  is  the  diffusion  co¬ 
efficient,  F  is  the  driving  force  which  is  the  negative  of  the  gradient  of  the 
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interactioi!  onf  ri;v  (-^rad  U)  k  is  Boltzrrann'  s  constant,  and  T  is  the  ah- 
solute  tempertiture  t*lC)  This  interstitial  movement  of  course,  is  vi.siialized 
as  occurrint;  concentric  with  the  specimen  axis  and  towariis  the  point  o’,  m.ax- 
imum  triaxiality. 


-D 

kT 


grad  U 


(e) 


Since  the  velocity  of  interstitial  movement  (Vj^)  is  assumed 
trolling  factor  for  macroscopic  crack  growth,  the  velocity 
circular  growth  of  the  crack  (vy,)  should  be  proportional  to 
the  interstitial  (v^l  Therefore 


to  be  the  con- 
of  the  concentric 
the  movement  of 


&  A 
c  a  t 


(  constant)  U 
kT 


grad  U 


(0 


at  room  temperature  where  the  crack  appear.s  to  grow  continuously.  A  A 
approaches  zero  as  /I  t  approaches  zero,  hence  in  the  limit 


dA  (constant)  D  ,  ,, 

di  kT  ^ 


(g) 


U  IS  a  function  of  stress  and  the  stress  concentration  factor  expressed  as 
U  ■'  (constant)  CTKi  ^mce  O'  is  the  instantaneous  stress.  O  =  L/A  where 
L  IS  the  applied  load  and  A  is  I'ne  instantaneous  area,  then 


fconstantl  i. 

L  J  A 


and  the 


grad  U  - 


l^constantj  j  grad  Kj 


(h) 


Once  the  crack  has  started,  the  maximum  value  of  the  stress  concentration 
factor  is  attained  and  the  gradient  should  remain  essentially  constant  during 
the  early  stages  of  crack  growth.  Substituting  ecjuation  (h)  in  equation  (g) 


dA 

r  D  1 

!'-l 

dt 

“  0  o  S  t  t  1 

l_A  I 
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liUegralmg  this  equation 


1  /  \ 

A-  -  A„  D  \ 

— - - - constant)^  ^  j  (L)  (t  - 


(c  oils  lant) 


(L) 


A  t 


(j) 


where  is  tlu/  initial  speeiinoii  area.  antJ  At  is  the  diiference  between  the 
total  linie  and  the  incubation  time  Usirit;  the  calibraluin  curve  relating  re¬ 
sistant  <*  changes  witli  changes  in  spocinnoi  area  ti)  and  room  tempc?ralurc 
c  racK  i!r<jwth  (  urves  (9)  the  pa ramiote  r  f_^_|  ^  vvab  ploited  as  a  iuncuon  ol 
At  The  results  presented  in  Figs  9  indicate  that  the  predicted 

linear  relalionsliip  is  obeyed  during  the  earlv  stages  of  crack  growili.  As 
shown  in  Fig  8  fur  an  applied  stress  of  175.  dOO  psi  considerable  deviations 
from  linearity  occur  during  the  later  stages  In  this  region  the  assumptions 
concerning  the  constancy  of  the  hydrogen  content  and  the  gradient  of  the 
stress  concentration  factor  are  least  reliable 

On  the  basis  of  equation  (i)  the  slope  of  ih**  relating  A^/A^  to 

At  in  Figs  «  and  should  be  a  d'.roct  function  cf  the  applied  stress.  In 
Fig  d  the  slopes  decrease  as  the  c.ppiied  load  decreases  from  225,  000  psi 
to  175,  OC'O  poi;  howev.-^r.  a»  the  applied  siresj  is  lowered  further  (l-ig.  V) 
the  consistent  decrease  in  slope  do»?s  not  continue  Due  to  the  scatter 
inherent  in  tins  typo  of  brittle  lailur?  it  is  felt  that  tlie  existing  data  are 
insufficient  to  determine  vJietlier  or  i.ut  this  anoinoly  is  real  or  merely 
due  to  chance  variations 
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IV  SUMMARY  AND  CONCLUSIONS 


The  relationship  between  the  applied  stress  and  the  time  to  initiate  •'he 
first  crack  in  a  hydrogenated  high  strength  steel  specimen  was  analyzed. 

The  analysis  was  based  on  a  separation  of  the  two  lactor.s  w'hich  go’/ern  *h;- 
incubation  time,  that  is,  the  basic  relation  between  stress  and  hydrogen 
necessary  to  initiate  a  crack  and  the  preferential  segregation  of  hydrogen 
due  to  stress. 

Above  a  particular  threshold  stress  the  conditions  necessary  for  local¬ 
ized  cracking  were  essentially  dependent  only  on  the  development  of  a  crit¬ 
ical  hydrogen  content.  The  basic  relationship  between  hydrogen  and  stress 
is  then  virtually  insensitive  to  the  magnitude  of  the  applied  stress  in  the 
delayed  failure  range.  An  analogy  was  drawn  between  the  stres  s  -  induced 
diffusion  of  carbon  and  nitrogen  to  the  stress  field  surrounding  a  dislocation 
and  the  stress-induced  diffusion  of  hydrogen  to  the  stress  field  about  a  frac¬ 
ture  embryo,  located  at  the  region  of  maximum  triaxiality.  On  this  basis 
the  number  of  hydrogen  atoms  which  arrived  at  the  critical  region  where 
fracture  is  initiated  wa.s  directly  dependent  on  the  stress.  A  relationship 
between  the  applied  slres.5  and  the  incubation  time  wa,s  derived  and  this  re¬ 
lationship  agreed  .easonabiy  well  with  the  experimentally  determined  values 

Employing  appropriate  assumptions,  an  analysis  of  the  macroscopic 
crack  growth  curves  in  delayed  failure  was  made.  The  predicted  linear  re¬ 
lationship  between  the  square  of  the  specimen  area  and  the  crack  growth 
time  was  realized  during  the  early  stages  of  crack  growth. 
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APPLIED  STRESS 


FRACTURE  TIME«— ’HOURS 

FIG.  i;  SCHEMATIC  REPRESENTATION  OF  STATIC  FATIGUE 
CHARACTERISTICS  OF  A  HYDROGENATED  HIGH 
STRENGTH  STEEL. 
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FI(i.2  ;  SPECIMEN  TYPES  USED  IN 
THIS  INVESTIGATION. 
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APPLIED  STRESS  1000  PSI 


FIG.  3  :effect  of  prestressing  before  hydrogenation  on  the 

INCUBATION  TIME.  SPECIMEN  TYPE  B  230,000  PSI 
STRENGTH  LEVEL,  BAKED  3  HOURS  AT  300»F  AFTER 
HYDROGENATION  AND  PLATING. 
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FIG.  4  iRELATIONSHIP  BETWEEN  HYDROGEN  CONTENT  AND  CURRENT  DENSITY 
FOR  4340  STEEL. 


SPECIMENS  CHARGED  24  HOURS  IN  4% 
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^  oocii  0.01  "  0.10 

CURFIENT  DENSITY  AMPSiJj^2 

.EFFECT  OF  HYDROGEN  CONTENT  (LOG  CURRENT  DENSITY)  ON 
THE  DUCTILITY  OF  4340  STEEL  TESTED  AT  -Sas^F. 


PRESSURE  IO(X>  ATMOSPHERES 


FiG.6  IRELATiONSHiP  BETWEEN  PRESSURE  AND  HYDROGEN 

CONTENT  CALCULATED  BY  METHOD  OF  DE  KAZlNCZYd  i) 
FOR  STEEL  WITH  0.008%  VOIDS. 
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0.01  0.1  1  10 

INCUBATION  TIME  HOURS 

FIG.  7  ; COMPARISON  OF  CALCULATED  RELATIONSHIP  BETWEEN  APPLIED  STRESS 
AND  INCUBATION  TIME  AND  EXPERIMENTAL  DATA  FOR  HYDROGENATED 
4340  STEEL,  230,000  PSI  STRENGTH  LEVEL. 


CRACK  GROWTH  TIME  c- At  (MIN) 


Fi6.  8  :  RELATIVE  CHANGE  IN  CRACK  AREA  AS  A 
FUNCTION  OF  CRACK  GROWTH  TIME  FOR 
HYDROGENATED  4340  STEEL ,  230,000  PS  I 
STRENGTH  LEVEL. 
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F16.  9  :relative  change  in  crack  area  as 

A  FUNCTION  OF  CRACK  GROWTH  TIME 
FOR  HYDROGENATED  4340  STEEL, 
230,000  PSI  STRENGT  H  L  ” VLL . 
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SECTION  II 


HYDROGEN  EMBRITTLEMENT  AND  STRAIN  AGING 
IN'  TITANIUM  ALLOYS 


R  J  Ouipg 
A  R,  Troiano 
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ABSTRACT 


Low  strain  rate  ei'J^briltlenient  in  titanium  alloys  can  be  classifie<l  a? 
a  strain  agine  phenomenon.  Prestraiiung  and  aging  an  alpha-beta  titanium 
allov  rosuiled  in  a  duc  tilitv  minimum  at  some  intermediate  aging  time  It 
appears  thai  hydrogen  migrates  to  a  region  ol  inhomogeneous  strain,  where 
a  high  stress  state  exists,  and  creates  this  embrittlement.  The  restoration 
of  (tuctility  at  long  £.ging  times  was  attributed  to  the  low  temperature  re- 
tovery  with  suhseqeeni  redistribution  of  hydrogen 

Low  strain  ralt  hydrogen  embrittlement  was  obtained  for  an  alpha 
alloy  aivJ  a  be.a  alloy,  liydrogem  in  small  quantities  seemed  to  aid  creep 
resiB-aiiCC  in  the  alpha  aLoy  Ihe  beta  alloy  was  resistant  to  nominal 
quantilios  of  hydrogen  ppm),  but  did  show  embrittlement  at  higher 

I  e  e  I  s 
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1  INTRODUCTION 


Hydrogen  has  been  associated  with  several  mocies  of  embrittlement 
One  common  form  is  low  strain  rate  embrittlement  or  "delayed  failure" 
where  tailures  can  occur  under  static  loading  at  lower  stresses  than 
noi'mal  creep  failures  would  be  expected  Another  form  is  an  embrULiC- 
ment  most  pronounced  at  impact  speeds  This  type  is  generally  obtained 
v,'hcii  a  iiydridc  is  present  in  the  n'ratcrial 

The  object  of  this  investigation  is  to  show  the  many  similarities  be¬ 
tween  iow  strain  rate  hydrogen  embrittlement  in  titanium  alloys  and  con¬ 
ventional  strain  aging  as  might  be  attributable  to  nitrogen  or  carbon  in 
steels  A  mechanism  for  hydrogen  embrittlement  of  titanium  alloys 
might  then  bt‘  evolved. 

Anotlier  objective  in  this  inv'cstigatior  is  to  c'valuate  the  effects  o.( 
hydroger.  cn  an  alpha  and  on  a  beta  alloy  Since  many  theories  of  iow 
strain  rate  livdrogen  embrittlement  require  an  alpha-beta  interface  the 
incidence  of  hvdrogen-induced  delayed  failure  in  the  alpha  or  the  beta 
alloys  would  tend  to  make?  this  an  untenable  supposition  Evaluation  of 
the  single  pliase  alloys  should  also  aid  in  gaming  an  understanding  of  the 
overall  problem  of  hydrogen  :n  titanium 

Since  this  report  deals  with  several  diverse  but  fundamentally  re¬ 
lated  oUi.)jccl.s  each  topic  wil*  be  mtioduceu  »«rpa>aieiv  and  Ti  en  correhiled 
m  the  discussion  The  topics  are  as  follows 

1.  Hydrogen  Embrittlement 

Z  Strain  Aging 

3  Creep 

4  Titanium  Alloy  Systems 

i.  HYDROGEN  EMKKIi  TEEMEN'X 

Hydrogen  has  been  shown  to  have  an  embrittling  effect  in  titanium, 
steel,  nickel,  vanadium,  zirconium  and  niobium.  Of  these,  the  first  tw'o 
have  recejved  the  most  attention 

Unalloyed  titanium  has  been  reported  to  be  most  sensitive  to  hyd  egen 
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embrittlement  at  impact  speeds  (lj®_  Since  the  solubility  is  quite  love 
(appro-xiinatfly  30  ppm),  titanium  hydride  (TiH)  can  be  reacti  1  v  formed 
This  hydride  is  said  to  have  cither  a  lace  centered  cubic  or  a  face  centered 
letrajonal  structure  (1), 

Alpha  stabiiizin);  additions,  such  as  aliiminiirn,  seem  ic  greatly  m- 
creasc  the  solubility  of  hydrogen  in  titanium  and.  consequcntl y.  lower  the 
sensitivity  of  the  alloy  to  hydride  -  induced  impact  embrittlement  (2) 

Alpha  alloys,  however,  appear  to  be  Suiiicwhai  seiisiiive  to  lev  strain  rate 
yrnbrittlcii.ent  (3)  (-1)  (5). 

By  far  the  most  extensively  investigated  phase  of  hydrogen  cmbrittle- 
mimt  in  titanium  is  the  alpha-beta  alloys  ihese  alloys  are  sensitive  to  hy¬ 
drogen  at  low  strain  rates,  thus,  hydrogen  ;c  able  to  induce  failures  over 
a  vide  range  of  strc.sses  One  of  the  alloys  cxtcvn.mvel y  studied  fur  tnis  hy¬ 
drogen  -  induced  delayed  failure  was  the  4  A.l  -  4  Mn  alloy  (C-130  AM) 

(•>)  (7)  (H). 

Hydrogen- mduc ed  delayed  failure  has  been  shown  to  be  a  jirocess  of 
crack  initiation  and  crack  growth  (6)  It  is  dependeit  upon  mic  ros  true  lure, 
the  greater  tiie  amount  of  the  alpha  phase,  the  wider  the  range  of  failures 
and  upon  temperature,  tlie  effects  of  hydrogen  disappearing  at  both  high 
and  low  temperatures  (7)  (8)  (9).  Hydrogen-induced  delayed  failure  also 
appears  to  be  dependent  on  strength  level  although  some  controversy  cxiuts 
on  this  point  (10)  (11)  It  is  also  dependent  on  the  type  of  alloying  addition 
employe d  (  !  .7) 

Beta  titanium  alloys  have  had  the  least  amount  of  study  of  anv'  of  the 
allotropic  modifications  The  solubility  of  hydrogen  in  beta  is  quite  high 
and  from  the  meager  data  available,  these  alloys  seem  to  be  rcsistarl  to 
the  effect.s  of  hydrogen  (3)  (4). 

ihe  effect  of  hydrogen  in  steel  is  ir>  many  ways  similar  to  that  in 
alpha-heta  titanium  alloys  (13)  (14)  In  both  cases  the  influence  of  hydrogen 
IS  most  pronounced  at  lower  strain  rates  and  in  both  cases  the  embrittle¬ 
ment  process  is  one  of  crack  initiation  and  crack  growth 

T.herc  are  several  major  differences  between  the  steels  and  alpha- 
beta  titanium  alloys.  The  amount  of  hydrogen  required  to  embrittle  ti¬ 
tanium  alloys  's  an  order  of  magnitude  greater  than  in  steel.  Steels  will 
outgas  at  room  temperature,  titanium  alloys  will  not.  Tit.intur.n  forrns  a 
hydride,  steel  does  not.  Also,  titanium  alloys  creep  a  significant  amoun! 


*  Numbers  in  parentheses  refer  to  references  listed  in  th.'-  Bibliography 
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!t  r 'on'.  ti’iTiperatiire  wniif  little  or  no  creep  is  found  in  steels  at  this  tern- 
pe  ratur  'j , 


2  STUAIN  AGING 

Strain  aging  may  be  defined  as  "the  changes  which  are  obtained  when 
a  cold  worked  material  is  aged  at  some  temperature  below  the  recrystal- 
hzation  temperature  "  These  changes  are  generally  manifested  by  an  in¬ 
crease  n  hardness,  yield  strength  and  tensile  strength,  a  lowering  of 
ductility  or  impact  resistance  and  the  reappearance  of  a  yeld  point  (151 
(16)  (17) 

A  Strain  Aging  and  the  Yield  Point  in  Steels 

Strain  aging  is  most  potent  m  low  carbon  steels  although  very  few 
steels  are  completely  non-aging  The  yie.d  point  is  also  generally  a  low- 
carbon  phenomenon,  but  Fritsche  has  reported  a  yield  point  with  up  to 
70%  C  in  a  spheroidtzed  structure  (18) 

Aging  after  cold  work  can  take  place  at  room  temperature  or  up  to 
400‘^F  The  higher  the  temperature  the  shorter  the  aging  time  rcqu.rcd 
to  obtain  maximum  strain  agm.g  effects  A  common  experimental  aging 
time  would  be  three  hours  at  200‘^F  Overagmg  is  quite  sluggish,  at 
least  as  compared  to  quench  aging  (19)  At  higher  temperatures  (300®  - 
700®F)  aging  can  be;ome  so  rapid  *hat  it  wou'd  seem  to  take  place  diiring 
the  detormation  process  itself  This  phenomenon  is  called  "blue  brittle¬ 
ness,  "  The  temperature  of  embnltlement  is  lower  in  a  tensile  test  than 
in  the  higher  speed  impact  test,  "Blue  brittleness"  is  often  termed  spon¬ 
taneous  strain  aging 

Apparently  the  amount  of  strain  aging  obtained  is  relatively  independ¬ 
ent  of  the  degree  of  cold  work  (as  long  as  it  i.s  greater  than  2%).  Generally, 
from  6  to  15%  cold  work  is  quite  common  (20) 

A  yield  point  is  generally  found  ir.  strain  aging  steels  Cold  work 
Will  cause  the  disappearance  of  this  yield  point,  but  additional  aging  re¬ 
sults  in  its  restoration  at  a  higher  load  The  time  and  tem.perature  com¬ 
binations  necessary  for  the  return  of  the  yield  point  are  quite  sim.ilar  to 
those  required  for  maximum  strain  aging  Pilling,  however,  has  stated 
that  yield  strength  and  tensile  strength  may  have  increased  materially 
before  the  yield  point  reappears  (21). 

Both  strain  aging  and  the  yield  point  have  been  conclusively  attributed 
to  nitrogen  and/or  carbon  I-ow  and  Gensamer  (20)  and  Fast  t2<l)  showed 
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that  when  carbon  and  nitrogen  were  eliminated  from  a  steel  (either  by  using 
very  high  purity  iron  or  a  wet  hydrogen  treatment),  then  no  yield  point  or 
strain  aging  was  obtained  When  this  material  was  carburized  or  nitridod, 
strain  aging  and  the  yield  point  returned  Nitrogen  was  found  to  be  the 
principal  cause  of  both  phenomena  at  room  temperature,  while  carbon  was 
the  major  cause  at  elevated  temperatures  (300°F  or  above) 

Ifydrogen  can  suppress  the  yield  point  oblaiiu'd  at  room  temperature 
in  mild  steel  (^^3/.  Also,  hydrogen  has  been  shown  to  create  a  yi^'ld  point 
at  very  low  temperatures  (-150*^C)  (2.4) 

Some  alloying  additions  to  steel,  such  as  aluminum,  silicon,  titanium, 
boron,  vanadium,  or  chromium,  tend  to  minimize  strain  aging  (16)  (25* 

This  can  be  primarily  attributed  to  the  formatioii  of  stable  nitrides  and  far- 
bidcs  with  tttese  additions  Slow  cooling  wil)  aid  the  formation  of  these  com¬ 
pounds  and.  hence,  enhance  the  resistance  to  strain  aging 

Cottrell  has  presented  a  w'orkable  meclianism  for  the  yield  point  in 
iron  (26.  27),  Cottrell  predicts  that  the  interstitial  solute  atoms,  carbon 
;ind  nitrogen,  tend  to  form  a  “cloud"  or  “atmosphere''  winch  prevents  dis¬ 
location  movement.  When  sufficient  stress  is  applied,  the  dislocation.^ 
will  break  away  from  this  cloud  and  move  without  increase  in  load.  Cold 
work  or  prestrain  causes  the  dislocations  to  break  free,  but  if  a  sufficient 
time  interval  elapses  {aging  time),  the  interstitial  solute  atoms  will  form 
another  “cloud"  and  a  yield  point  ic  again  obtained 

B  Strain  Aging  in  Titanium 

Strain  aging  and  its  associated  effects  on  mechanical  properties  have 
been  detected  in  unalloyed  commercial  purity^  titanium  (28)  i29).  Rosi  and 
Perkins  have  shown  the  inc’dRnrf*  of  yield  points  (l]7-282^Ci.  ductility 
minima  (23z-452°C).  and  serrated  st  re  s  s  -  strain  curves  (452-652*^0.  The 
yield  points  obtained  could  be  removed  by  cold  work  and  then  returned  bv 
^  manner  much  similar  to  tliat  employed  for  mild  steel 

Makndes  showed  evidence  of  strain  aging  m  an  all  alpha  tiic.r'iun 
»  Moy  (5  A1  -  2  5  Sn)  (30).  The  temperature  ranges  of  duttiiiiy  minima 
obtained  ^ere  quite  dependent  on  the  strain  rate,  varying  from  200-400*^0 
at  average  testing  speeds  (.05  in/in/min)  to  600-700^0  at  impact  speeds 
(19.  000  in/in/min)  This  variation  strain  rate  was  so  great  that 

stress  rupture  data  at  intermediate  temperatures  revealed  a  ductility  min¬ 
imum  at  an  intermediate  tune  (or  straiii  rate)  normal  ductility  beiiig  ob¬ 
tained  at  eithr*:’  very  short  or  very  lung  iime-s  Makndes  attempted  with 
little  success,  to  isolate  this  strain  aging  effect,  evaluating  carbon,  nitro¬ 
gen,  and  oxygen. 
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Low  strain  rate  hydrogen  enribr ittJement  of  alpha-beta  titanium  aJloys 
has  been  called  a  strain  jging  phenomenon  by  Burte  f31).  In  this  mechanism 
hydrogen  is  said  to  segregate  to  grain  boundary  regions  after  piastic  de¬ 
formation.  No  reference  was  made  to  other  more  classic  forms  of  strain 
aging  in  this  paper 

C.  Strain  Aging  in  Magnesium  Alloys 

Toaz  and  Ripling  found  ductility  minima  attribut.ible  to  strain  aging  in 
a  series  of  magnesium .  lithium  alloys  (32)  They  investigated  pure  mag¬ 
nesium.  Mg  -  4  Li  (C  P.  K  ).  Mg  -  o  Li  (mixed  C.  P  H.  and  B  C,  C,  ),  and 
Mg  -  1 1  Li  (B.  C.  C.  )  Only  the  alloys  containing  lithium  exhibited  a  duc¬ 
tility  minimum.  These  minima  were  both  strain  rate  and  temperature 
sensitive.  The  alloys  containing  6  and  11%  lithium  also  had  serrated  stress 
strain  curves 


3.  CREEP 

The  fact  that  titanium  alloys  creep  considerably  at  low  temperatures 
must  be  considered  in  evaluating  the  hydrogen  sensitivity  of  these  alloys 
(7).  Also  strain  aging  may  have  an  effect  on  c.-eep  properties  (33)  (27). 

Creep  may  be  defined  as  "time  dependent  plastic  deformation"  (7). 
There  are  two  basic  modes  of  creep  deformation,  crystallographic  slip 
(dislocation  glide)  and  grain  boundary  flow  Generally  slip  is  operative  at 
low  temperatures  and  grain  boundary  flow  at  high  temperatures  The  trans¬ 
ition  temperature  between  the  two  where  the  gr.ain  boundaries  and  the  grama 
are  considered  to  be  of  equal  strength  has  been  termed  equi  -  cohesive  tem¬ 
perature  (ECT)  (34). 

Creep  is  a  thermally  activated  process.  It  is  in  effect  a  combination 
of  applied  stress  and  thermal  fluctuations  (35).  The  activation  energy  lor 
creep  in  titanium  at  2I0"f  has  been  calculated  to  be  approximately  3500 
calories  per  mole  (36). 

Generally,  in  a  creep  process  there  is  (1)  formation  (2)  movement 
and  (3)  rearrangement  or  annihilation  of  dislocations  (35).  Dislocation 
movement  causes  dislocation  interaction  with  impurities  (solute  atoms 
clouds,  or  precipitates),  grain  boundaries,  and  other  dislocations.  One 
of  the  results  of  this  is  work  hardening.  Tending  to  offset  this  work  hard¬ 
ening  is  recovery. 
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4.  TITANIUM  ALLOY  SYSTEMS 


Pu2‘c  tito  'ium  undergoes  an  allotropic  modification  at  880®C;  the  high 
temperature  phase  (beta)  is  lody-centered  cubic  and  the  low  temperature 
phase  (alpha)  is  hexagonal  close -pa -rJced.  The  transformat'on  temperature 
can  be  raised  with  alpha  stabilizing  additions,  such  as  Al,  Sn,  O,  or  N,  or 
lowered  with  such  beta  stabilizing  additions  as  Mo,  Mn,  V,  Fe,  or  Cr.  If 
sufficient  beta  stabilizers  art?  alloyed  with  titanium,  it  i«  possible  to  obtain 
a  t'wo-phrtse  dipha-beta  structure  or  even  a  completely  beta  structure  at 
room  temperature 

Unlike  the  other  interstitial  elements,  hydrogen  stabilizes  the  beta 
phase  The  beta  transformation  temperature  is  lowered  approximately 
10°F  per  100  ppm  (by  weight)  hydregen 


The  results  of  this  report  are  divided  into  three  separate  divisions 
with  a  discussion  for  each  part  These  divisions  are  as  follows. 

1  Strain  Aging  and  Hydrogen  Embrittlement  in  an  Alpha- 
Beta  Titanium  Alloy 

Z  .Effects  of  Hydrogen  on  an  Alpha  Titanium  Alloy 
3.  Effects  of  Hydrogen  on  a  Beta  Titanium  Alloy 
All  three  divisions  are  summarized  at  the  close  of  the  report. 
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11.  MATERI^.i.  AND  PROCEDURES 


i  MATERIAL 

A.  Alpha -Beta  Alloy 

The  alpha-beta  titanium  alloy  cmpiovetl  was  a  4  Al-4  Mn  alloy 
(C130AM).  This  material  was  obtained  from  Rein-Cru  Titaniur”  Tnc  as 
5.  h  inch  round  bar  stock.  It  had  been  hot  rolled  in  the  alplia-b-ita  rejtion 
and  the  "a.s  received  "  tensile  strength  was  about  140.  000  psi  Ail  of  the 
material  was  from  a  single  heat  The  chemical  analyses  are  iiimmarir.ed 
in  Table  [ 

B  Alpha  Alloy 

The  alpha  titanium  alloy  ii.sed  was  a  S  Al-d  3  Sn  alloy  lAllOAT)  It 
was  obtained  from  Crucible  Steel  as  3/8  inch  bar  sloe!:  Its  "as  received  ' 

tensile  strer.;;’.!:  was  also  appro ainiately  140,  000  psi,  The  chemical  anal¬ 
yses  of  the  heat  employed  are  listed  in  Table  I 

C  Beta  Alloy 

I'he  svork  performed  on  beta  material  was  done  on  a  1 J  V  -  I  !  Cr  - 
.?  Al  t.lloy  (E120  VGA).  This  material  was  secured  from  Crucible  Steel  as 
1/2  "  bar  stock.  Its  "as  received"  tensile  strength  was  ar’nr'-.-.irnately 
133,  000  psi  The  chemical  inalyses  of  the  heat  used  aie  m  wn  in  Table  I. 


TABLE  I 

COMPOSITION  OF  TITANIUM  ALLOYS 


Trade  Nominal 


Desig 

Composition 

H 

(ppm) 

Al 

Mn  Sn  Cr  V 

( V'eight  Percent) 

N 

Cl  30AM 

4  A  1  _  4  Xin 

SO 

3.  9 

3,  S 

01 

01 

AJ  lOAT 

5  Al-2  S  Sn 

46 

5.  0 

2.  7 

- 

04 

B 120  VC  A 

13V-  llCr-3A! 

150 

4.  1 

11.1  12.  k 

02 

03 
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A  Hydrogona tion  Technique 

Hydrcgcji  was  introduced  info  the  inuteria]  used  in  this  investigation  by 
a  thermal  charging  technique  The  hydrogen  barging  was  performed  prior 
to  heat  treatment  of  the  allovs  Rough  iriach-r>cd  tensile  specimens  were 
heated  to  either  1200“F  or  1250"f  in  a  hy  drogen  a.mosphere  for  varying 
periods  of  time  depending  on  the  hydrogen  level  d^Sireu.  and  then  Jarnace 
cooled  Hydrogen  contents  wt're  checked  by  aiiaiv'sis  (y'acuum  extraction) 

Will'll  verv  low  hydrogen  contents  were  desired,  vacuum  annealing 
wa  employed  In  this  process  the  spccMnens  yvere  heated  to  1400°.F  under 
vacuum  Hvdrogen  contents  as  low  as  lU  ppm  coulc  be  obtained  in  this 
manner 

E  Post- Hydrogenation  Heat  Ireatments 

In  most  cases  the  alpha  beta  alloy  (4  A1  -  4  Mn)  was  used  in  a  high 
strength  quenched  and  aged  condition  The  solution  treatment  was  conducted 
in  iir  without  measurable  loss  of  hvdrogen  The  specimens  wert;  quenched 
in  water  and  then  aged  ;n  a  salt  bath  at  some  intermediate  temperature  A 
typical  heat  treating  <  vcle  ior  materia!  containing  250  ppm  hyarogen  would 
be  one  nour  at  1575°F  water  quenc  h,  and  then  age  one  hour  at  1040°F 
T  his  results  in  a  strength  ley'el  of  approximately  170.000  psi 

The  annealing  cycle  used  on  this  alpha-beta  alloy  was  one  hour  at 
1500^F  and  furnace  cool  at  a  rate  of  5°F  per  minute  to  1100°F  This  re¬ 
sulted  in  a  strength  level  of  140  000  psi. 

The  beta  a.Uov  I  I  J  V  -  1  1  Cr  -  3  Ai)  had  to  be  re-solution  treated  to 
dissolve  the  TiCr^  which  formed  dur.ng  slow  cooling  after  hydrogenation 
Thf  ireatrrtmt  used  was  one  hour  at  ISOO^F  and  water  quench.  Normal 
ductilitv  is  then  resfered.  Strengthening  could  be  obtained  in  this  miaterial 
bv  merely  heating  to  800”  or  O00”F  to  precipitate  the  ch.romium  eutectoid. 

C  Specimen  Ty^pes  and  Geometries 

Specimen  sizes  and  notch  geometries  employed  in  tensile  and  stress- 
rupture  tests  are  indicated  in  Fig  1  Note  that  the  "unnotched"  specimens 

ac  tually  have  a  two  inch  notch  radius  Ali  material  was  rough  machined 
before  hydiogenation  and  heat  treatment  with  030  inches  of  stock  left  for 
firii.shing.  After  finish  machining  the  unno*ched  specimens  'were  polished 
longitudinally  to  reti'ove  machining  marks.  This  was  done  to  eliminate 
localized  stress  -  rise,  rs  resulting  from  transverse  scratches 
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D  Mpta  1  lojiraphy 

Specimens  were  prepared  for  metalloyraphi c  examination  by  mechan¬ 
ical  polishing  and  then  etching  with  a  reagent  consisting  of  1  part  HK,  1 
part  IINO^.  and  o  parts  glycerine. 


3.  EXPERIMENTAL  PROCEDURES 

A.  Stress  Rapture  and  Tensile  Testing 

Stress  rupture  and  tensile  tests  were  performed  with  concentric 
alignment  fixtures  which  insured  a  minimum  of  eccentricity.  Tensile  tests 
were  carried  out  at  a  constant  head  travel  speed  of  0  05  inches  per  minute 
A  standard,  lever  arm  type  stress  rupture  machine  v.ua  '.'inployed  for 
creep  and  delayed  failure  tents. 

B  Testing  and  Aging  at  Other  than  Ambient  Ten.perature 

Tensile  tests  were  performed  at  low  temperatures  using  either  liquid 
nitrogen  or  dry  ice  (CO^I  in  pentane  as  a  refrigerant.  Testing  at  elevated 
temperatures  was  carried  out  in  air  in  resistance  heated  furnaces  with  the 
temperature  controlled  to  - 

Aging  at  32“F  was  performed  in  an  ice  water  bath  Aging  at  mod¬ 
erate  elevated  iemperatures  (125°  -  175°F)  was  accomplished  in  a  heated 
oil  bath  while  aging  at  the  higher  temperature  (500°Ff  was  done  in  a  cir¬ 
culating  air  furnace, 

C  Study  of  Crack  Growth  and  Creep 

Crack  propagation  and  creep  deformation  during  delayed  failure 
tests  were  studied  by  the  electrical  resistance  technique  developed  by 
Barnett  and  Troiano  (37)  This  method  utilized  a  Kelvin  double  -  bridge  cir¬ 
cuit  to  measure  changes  in  electrical  resistance  across  the  notch  cross- 
section  resulting  from  plastic  flow  or  crack  propagation.  The  sensitivity 
of  the  instrument  is  of  the  order  of  3x10"®  ohms  The  initial  electrical 
resistance  across  a  sharp  notch  is  about  2x10“^  ohms. 
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Ill  RESUl-TS  AND  DISCUSSION 


1.  STRAIN  AGING  AND  NYDKOOeN  EMBRIT  1  DDMEisT  IN  AN  ALPHA - 
BETA  TITANIUM  ALLOY 

Hydro|^en  embrittlement  can  be  likened  to  other  tnore  classic  strain 
agin.u  systems.  The  following  sections  describe  some  of  these  similarities 
for  an  alpha-beta  titanium  alloy,  4  Al--^  Mn  (C130AM) 

A  Effect  of  Hydrogen  on  the  Ductility  Obtained  after  Stress  Rupture 
Testing  of  Unnotched  Specimens 

it  has  been  illustrated  that  an  alpha-beta  titanium  alloy  may  be  quite 
ductile  v.'hen  tested  in  a  normal  tensile  test  yet  bo  embrittl«*d  at  very  low 
strain  rates  (6).  This  embrittlement  at  low  strain  rates  is  obtained  at  an 
intermediate  hydrogen  level.  Hydrogen  contents  greater  than  this  inter¬ 
mediate  range  will  create  an  embrittlement  at  all  testing  si*eodi  :  hydrogen 
contents  belosv  this  level  will  cause  no  embrittlement  With  thi*  CliOAM 
alloy  treated  to  170,  000  psi  by  quenching  and  aging,  the  tenstle  duclilits 
obtained  at  normal  testing  speeds  is  lowered  by  hydrogen  contents  in  e\- 
ce.ss  of  430  ppm  (7).  Thus,  approximately  250  ppm  hydrogen  would  prob¬ 
ably  be  an  intermediate  level  where  low  strain  rate  embrittlement  might 
take  place,  bui  normal  ductility  could  be  obtained  in  a  simpb  tensiU*  test 

A  Wide  variety  of  low  strain  rates  can  bo  simulated  v  jili  the  str«‘s-4 
rupture  test  By  measuring  ductility  in  this  tost,  one  can  obtain  an  approx¬ 
imation  of  the  influence  of  strain  rate  on  ductilit.’  at  a  given  hydrogen  level 
Data  for  the  C130AM  alloy,  strengthened  to  170.  000  psi.  and  containing 
200  ppm  hydrogen  are  shown  in  Fig.  2.  Note  that  ductility  rema.n>  t  «scn- 
tially  constant  for  failure  times  less  than  two  hours  but  then  drops  oil 
rapidly',  reaching  a  rrjinimurn  near  nine  hours.  With  failure  times  grcotcM 
than  twenty  hours,  however,  ductilitv  is  gradually  restored  unt.l  at  v<  r% 
long  times  normal  ductility  is  aga  n  obtained  A  similar  behavior  :s  i  n- 
countered  for  material  containing  260  and  .JiO  ppjit  hydrogen  as  ;s  st'.o'-vp, 
in  Figs  3  and  4. 

This  ductility  mir'vt.'.um  is  caused  by  hydrogen  as  evidenced  bv 
examining  this  alloy  at  lower  hydrogen  levels.  Data  lor  materia!  contain¬ 
ing  dO  ppm  (the  as-received  hydrogen  content)  are  illustrated  ir.  Fig 
It  IS  obvious  from  this  figure  that  no  ductility  minimum  is  obtained 
Material  vacuum  annealed  to  20  ppm  showed  no  evidence  of  a  minimum 
in  tact  ductility  increased  at  lower  strain  rates,  F?g  6 

At  very  high  hydrogen  levels  ductility  was  lowered  somewhat  at  lov 
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strain  rates  but  no  recovery  was  obtained  at  long  times  Data  for  material 
containing  -420  ppm  hydrogen  are  shown  m  Fig  7.  Note  tha»  at  this  hv'iiro 
gen  level  some  lo\veri;ig  in  norma!  tensile  dnctility  was  encountered 

A  ductility  dec2caj>e  at  low  alrain  rates  is  not  unexpected  on  the  basis 
of  previous  studies  (1.  6.  7.  51)  This  type  of  ductilits  loss  ’^o  ild  be  most 

prevalent  at  intermediate  hydrogen  contents  wlicre  randomly  distrinuiiui 
hydrogen  causes  no  embrittlement  If  some  driving  force  for  tl'e:*  agglome  r.i - 
lion  of  hyurogen  exists*  then  diffusion  of  hydrogen  to  a  apt*i,  ilic  rt’gicJii  i ouici 
enable  suffich^nt  hydrogen  to  accumulate  so  that  lirittleness  svould  result 
This  agglomeration  to  a  region  of  hig>i  stress  has  been  pictured  lor  a  nuU  )ie<l 
specimen  whore  triaxial  stresses  exist  (V)  Kor  an  unnotched  specimen 
such  as  was  used  in  obtaining  Figs  2-0,  '  nboniogeneous  plastic  clelorina- 
tion  apparently  can  create  regions  to  who  h.  is'drogcn  can  diffuse,  accunu.- 
late,  and  then  cause  enibrittlenienl  Thus,  the-  time  di  iav  for  t*r  dtr  ;  f  l  le  rm- n’ 
IS  needed  for  (a)  sufficient  plastic  deformalmn  to  Lake  place  and  |b)  diflu- 
sion  and  accumulation  of  hydrogen  The  a»  tnal  manniT  whic  h,  hvd^'.'gc'ii 
embrittles  will  ho  d.scufised  later  in  the  report 

The  return  of  ductility  at  long  tunes  (or  vc’r\'  low  strain  rates)  ciuild 
be  more  easily  rationalized  if  the  ductility  minimum  were  looked  upon  as 
a  strain  aging  phenomenon  Gene*ral)\-,  strain  aging  is  quite  strain  rate* 
and  temperature  dependent  For  example,  a  ductility  minimum  could  be 
obtain:  d  as  much  as  400®F  }ov.'er  at  verv  slou  strain  ratc»s  than  at  v<tv 
fast  strain  rates  (50)  H<*nce.  it  is  indeed  possible  that  at  a  t('mpf?ratur» 
between  the  two  ductility  would  be  norma!  at  both  high  and  \erv  low  strain 
rate's,  but  some  emorittlement  world  be  obtainc'd  at  an  intc'rniediatr  rtrain 
rate.  Temperatures  where  this  \cas  the  case  wcm-c  successfully  located 
for  strain  aging  attributable  to  nitrogen  and  carbon  in  titaniiiin  alloy.s  ut 
lOOO^F  by  Makrides  and  Gurev  a.r!d  Baldwin  {  iOj  (58) 

Cottrell  has  developed  an  empirical  equation  to  predict  the  temper¬ 
ature  where  strain  aging  might  occur  based  on  data  obtained  steels  ‘,27f 
This  equation  is  as  follows 

•where  D  -  diffasivity  in  cm  /sec 
strain  rate  in  1/sec 

Apparently  an  equaticn  of  this  nature  can  also  apply  to  titanram  Using 
Ourev  and  Baldw'in*  s  data  '~arbon-induced  stra-n  aging  zn  a.pha  titanium 


10”^  r  m 
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at  lOOO^F.  a  jiuniix'r  on  ihr  ordoi*  of  i  n\  is  oFtainnd  A  similar  num- 

her  IS  obtained  for  the  hydre-^en  indui.  ed  ‘•■train  a^int;  of  Z~4  The 

similarity  between  the  obtained  for  a  know  .1  strain  aging  intcr- 

stitic.  (carbon}  and  tliat  obtained  for  hydrogen  lends  further  support  t-.j  the 
postulate  that  hydrogcr.  can  ir'd::.-  e  a  strain  ag’nn  effect  Apparently  tin- 
exact  magnitude  of  tlie  equation  depends  on  the  material  being  evaluated 

If  thi*  by  drogen  -  indtn  vd  ductility  minima  of  Figs  2-4  were  thought 
of  as  being  n.trt  of  a  strain  aging  phenomenon  tlien  ductility  recovery  at 
very  low  str?’n  r^<f“S  would  he  expecteo  Tlie  migration  ol  hydrogen  to 
regions  of  inhomogeneous  strain  could  also  Ik*  imcrporatcd  in  this  strain 
agi  rig  f nec  iianisni 


B  Ri'juiion  vjf  Hydrogen  Elfei  ts  to  Otlu-r  Strain  Aging  Criteria 

In  the  jirevious  sc'ction  explanations  ul  h''drog<*n- induced  low  strain 
rate  einbrittiement  and  tlu*  lack  of  this  embrittlement  at  long  failure 
tunes  liavo  suggested  a  strain  aging  tyj)c  mechanism  In  order  to  complete 
the  jiulure  it  is  essential  that  other  criteria  of  slra;n  aging  such  as  yield 
points,  serrations,  and  UM'ipernlure  dependent  ductility  minima  be  exaUiated. 

The  St rcuss -  strain  curve  for  the  C150AM  alloy  in  the  quenc  hed  and 
aged  condition  (170,  000  j)sj  strength  level)  and  containing  2S0  ppm  hydrc'gen 
•  illustrated  in  Fig  8  ^^ote  th.e  lack  of  a  yield  point  This  curve  is  re¬ 
presentative  of  all  stress- strain  curves  obtained  on  this  alloy  in  this  c'on- 
dition  at  all  hydrogen  leve  ls  from  20  to  230  ppm  and  at  all  temperatures 
froin  -llO^F  to  SOO^^F.  I';  is  obvious  that  no  apparent  hydrogrn-induced 
yield  point  is  connected  with  tlu*  ducuhtv  nunima  of  Figs.  2-4. 

The  incidence  of  a  yield  point  in  alpha-be’a  titanium  alloys  is  not 
unc  ommoi-  W  ih  the  C130  Arvi  alloy  in  the  low  strength  annealed  condition 
a  yield  po;;ii  is  obtained  Ircjin  room  temperature  up  to  6'>0^F.  A  typical 
example  is  shown  in  Fig  9  At  650^F  a  scenes  of  yield  points  are  obtained 
much  like  ’'serrations''  in  mild  steel  >  Hydrogen  conlenis  up  to  430  ppm 
seemed  to  have  no  effect  on  this  yield  point  at  room  temperature  and  above 
The  yield  point  could  be  suppressed  by  cold  work  but  returns  with  aging 

Unnoiched  stress  rupture  data  for  the  C150  AM  in  the  cinncaled  con¬ 
dition  revealed  no  tendency  for  a  ductility  minimum  with  either  lb,  80  or 
430  ppm  hydrogen  as  is  shown  in  Fig  iO.  11  and  12  Thus,  it  can  be 
concluded  that  no  connection  exists  between  the  ductility  minima  of  Figs 
2-4  and  the  yield  puini  of  Fig  9 

If  the  ductiUtv  m  nimum  is  truly  a  strain  aging  phf'nomenon,  then  a 
minimum  should  be  obtained  when  ductility  is  plotted  against  temperature 
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This  ductility  minimum  has  been  obtained  bv  Daniels  et  al  on  C130AM  in 
the  quenched  and  ajjed  condition  containing  800  ppm  hvdrn>cn  '7)  Ductility 
minima  on  Ti  140A  (2  Cr  -  2  Mo  -  2  FeJ  have  been  obtained  by  Williams, 
et  al.  (4i  and  by  Ripling  (91  At  nerrr.al  testing  speeds  the  minimum  is 
generally  found  at  morn  tempc r.»tvire  or  slightly  below  In  genera!,  most 
iui,\iors  are  in  agreement  that  the  disappearance  of  hydrogen  embrittle - 
.ment  at  low  temperatures  can  be  attributed  to  the  lowered  diffusivity  of 
lydrogen,  while  the  disappearance  at  high  temperatures  is  due  to  the  in¬ 
creased  soluhilit/  of  hydrogen 

Since  at  normal  testing  speeds  the  C130AM  alloy  containing  20C-330 
ppm  hydrogen  was  sufficiently  ductile  at  room  temperature,  it  wa.s  felt 
that  possibly  a  minimum  in  ductility  could  be  discovered  at  a  slightly 
higher  temperature  because  of  greater  diitusivitv  Tlie  data  of  Fig.  13 
show  that  no  minimum  was  obtained  This  is  not  unexpected  since  the 
solubility  of  .hydrogen  increases  quite  rapidly  with  rising  temperature  in 
this  range. 

C  Effect  of  Prestraining  and  Aging  on  Final  Ducniity  of 
Hydrogenated  Material 

if  hydrogen  is  migrating  to  the  regions  of  inhomogeneous  plastic- 
deformation  as  was  postulated  in  part  1  of  this  section,  there  would  be  no 
need  for  a  constant  applied  load  as  is  obtained  in  a  stress  rupture  te.st 
but  rather  a  plastic  prestra-.n  followed  by  removal  of  the  load  could  serve 
also  to  provide  a  driving  force  for  agglomeration  of  hydrogen  If  sufficient 
hydrogen  were  able  to  accumulate,  then  some  ductility  effects  could  te 
detected 

The  influence  of  aging  at  room  temperature  on  the  ductility  of  pre¬ 
strained  tensile  specimens  conta.ning  290  ppm  hydrogen  can  be  seen  from 
Fig,  14.  It  IS  apparent  from  this  hgiiie  that  final  ductility  is  dependent 
upon  the  aging  time  The  shape  of  this  curve  is  roughly  comparable  to 
the  ductility  vs  failure  time  curves  of  Figs.  2--1  Like  the  stress  rupture 
curves,  a  loss  of  ductility  was  obtained  after  aging  for  o  hours  and  this 
embrittlement  wa.s  rerr.erable  sifter  long  time  aging 

B  d-actiiitv  min',mum  is  not  obtained  at  lower  hydrogen  levels  u  ing 
this  prestrain  method.  These  data  are  shown  for  80  ppm  hydrogen  in  Fig 
15  and  for  20  ppm  in  Fig  16A  At  higher  hydrogen  levels,  such  as  420 
ppm,  where  some  embrittlement  is  encountered  in  a  normal  tensile  test, 
evidence  of  a  ductility  minimum  is  also  obtained.  Fig  16B 

It  is  evident  that  hydrogen  creates  a  time  dependent  embrittlement 
after  aging  for  some  time  greater  than  one  hour  at  room  tempe-  ature  pro- 
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video 

accumulation  j* 
c.- reating  a  hi 7,1 
a  e  cur/iulaf-on 


.V  IS  present  to  provide  a  driving  lorce  for 

This  plastic  strain  is  probably  inhomogcnovji 
'•d  iVo  coniinually  applied  stress  is  required.  The 
»  causes  h  tti  e  or  no  strengthening  of  the  material. 


Apparently  piast.jc  strain  applied  at  an  elevated  temperature  can  also 
serve  to  aid  in  the  accumulation  of  hydrogen  For  example  observe  the 
following  data  of  Burte,  Erbin,  et  al  on  Til40A  (3d) 


TABLE  n 

EFFECT  OF  PRIOR  HEAT  AND  STRESS  ON  THE  ROOM  TEMPERATURE 


DUCTILITY  OF  TiJ40A 


Previous  Treatment 

Stress  Temp.  Time 

H 

20  ppm 

A. 

250  ppm 

As  Annealed 

56% 

55% 

0 

0 

0 

70"F 

500  hr. 

56 

49 

Hi),  000 

aoo 

100 

55 

43 

80, 000 

200 

500 

55 

27 

50, 000 

600 

100 

51 

30 

50, 000 

600 

500 

54 

37 

it  is  possible  that  hydrogen  diffused  to  the  regions  of  plastic  deforma¬ 
tion  at  room  temperature  while  the  specimens  were  awaiting  testing.  If 
this  is  the  case,  then  the  stress  rupture  test  served  only  to  strain  the  ma¬ 
terial  plastically  It  is  unlikely  that  2,50  pprn  of  hydrogen  could  create  any 
embrittlement  at  600^F 

The  variation  of  the  ductility  minimum  with  temperature  is  illustrated 
in  Figs.  17  and  18.  Note  that  the  minimum  is  shifted  to  shorter  times 
with  decreasing  temperatures  beiow  i25'*F.  This  would  indicate  a  diffusion 
dependent  phenomenon.  A  rough  approximation  of  the  activation  energy  of 
this  process  (10,000  cal/mole)  can  be  obtained  from  these  three  points. 

The  activation  energy  for  diffusion  in  G1.30AM  has  been  reported  as 
9000  r.il/mole  (i);  in  alpha  titanium,  it  is  12,  380  c.aI/iiiole  and  in  beta  ti¬ 
tanium  6640  cal/mole  (40) 
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At  i75'^l'‘  the  duetili’ ir.inimuin  is  siiiMeci  to  a  joiiei'r  l;tiie  in,r^  n  ,i 
be  attributed  to  the  increase  in  the  solubiiitv  et  Jiydruiten  <il  hiyiu-r  ti'nijier 
atiires  A  greater  quanti^v  ef  iivdrogep  rnust  ace iiiiiulate  in  order  to  aihie^ 
the  proper  conditions  for  embrittlement.  Daniels,  et  al  obtai  led  immer 
failure  timers  in  notched  specimens  at  eleiated  tempt  r.ilures  (7)  1  lu  v 

attributed  this  to  the  increa.sed  solubility  and  di  t  re.ised  tlriiing  loi  i  e  oh 
tamed  at  elevatetl  *empe r.atu res . 

The  data  obtained  appear  to  snnnort  th.e  concept  that  hvdri.m-i  nn 
grates  to  the  region  of  inhomogeneous  plastic  defo  r  mat  ion  (where  .i  stres.s 
field  exist.s).  With  a  two  phase  .s'.ruetiire  it  is  unlike!'.-  that  the  aipiia  .I'  c 
beta  grams  will  bo  deformed  homogeiieoiislv  Also  low  t omi>e ra tui'e  tree; 
will  probably  take  place  by  trans -crystalline  slip  (di.s  location  eldie)  with 
the  grain  boundaries  aiding  as  barriers.  Thus,  th-.'  mhoniogoneous  pla.sin 
deformation  could  create  a  region  to  who  h  h'-n’'Cgi  n  can  ditfu.se  m  ar  the 
grain  boundarie.s  and  the  brittle  fr.i.  lure  will  emanate  Irom  this  area  as 
postulated  by  Burte  (31).  When  a  iioti  bed  sjiecimen  is  used,  houceer.  the 
region  of  inhomogeneous  plastic  deformation  will  be  near  the  base  of  II. c 
notch  (41)  and  crack  initiation  and  propagation  will  begin  in  this  vii  initv 
comparatively  independent  of  the  grain  lioiindarv  region,  as  lia  .s  iiecn 
illustrated  by  Daniels  (7). 

The  restoration  of  •jiietilitv  after  long  ag.iig  tunes  may  hi-  expia.i  cd 
by  two  mechanisms,  (1)  recovery  of  plastic  strain  and  i  cdi  .s  I  r  ilsii  ion  of 
hydrogen  or  (2)  overaging.  Low  ti'inperatiire  retoverv  (often  (alied 
"metarecovo  ry" )  has  been  found  in  nnkel,  aluminum  base  alloys  /ini  . 
and  cadmium  ('42,  43)  This  low  tcnipe  raturc  recovery  is  general!  i 
attributed  to  vacancy  migration  sini  e  tlu'  femperaliires  al  which  "mct.i - 
recovery"  is  obtained  are  too  low  for  aiiv  appreciable  scif-dittusnin  mI  .ci 
is  necessary  for  "climb"  (annihilation  of  i-dge  tlisloi  at  ons  i  to  take  nl  o 
"Metarecovery"  can  occur  at  quite  low  "I'niperatureK  partuuiail^  ,n  i;cc 
agonal  metals.  It  appears  that  low  temperature  rt?coveiv  is  a  distinct 
possibility  in  titanium  alloys  If  the  migration  of  hvdrogen  is  lo  t  iu-  re 
gion  of  inhomogeneous  sirain  where  a  stri-ss  field  e.xi.sts  thee  a  .smal! 
amount  of  recovery  and  r  coinpanving  stress  relii'f  could  cause  the  licdru 
gen  to  redistribute  itself  and  eventually  restore  diu  tilitv 

A  mechanism  involving  overaging  would  be  dependent  upon  the  fi.-c- 
cipitation  of  a  hydride.  Growth  of  this  hydride  would  then  result  m  a 
stable  precipitate  and  eventual  restoration  of  ductility. 

The  return  of  ductility  with  additional  aging  following  a  strain  aging 
type  embrittlement  is  not  unique  to  hydrogen  m  titanium  Garafolo  and 
Smith  obtained  what  appeared  lo  be  overaging  in  strain-aged  mild  steels 
(19).  It  appears  also  that  the  strain  aging  attributable  to  carbon,  nitrogen 
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•  >r  t)\'- L-t  i'l  lit  a  i  plia  '  l>«  •  t  a  litani’trr!  exhibits  so/nt*  Jrlenc'e  of  durtiiit\'  re¬ 
st... ration  Iht'se  daifi  are  s^lO\^7l  iJ~i  JTiu.  19 

rile  eni nr  itt Joniont  caused  bv  hydrogen  and  the  eventual  restoration 
ijf  du*.  tiljtv  can  he  explained  by  several  metiiamsins  Of  these,  (lie  fo!* 
lovuiL'  appeir  plausible. 

i  llxdropen  act.  uniuJd  tes  and  enrhrt'fles  vhile  present  in 
s(.>jiitikin  Ri‘.overv  of  plastic  slraiii  diminishes  the  dnvinp  forte  and 
t.m-c:  the  li\(.lri)^en  u>  rcsuinc  an  eq.nlibriuni  distri  but'-on 

il  fJvdropen  attunmiales  ar»d  prei  ipitates  as  a  fine  livdride 
viiu  h  dei  onirioses  u]>on  recovery  of  fjla.stn  strain  causing  restoration  of 
d  'O.  1 1  1 !  t  \ 


^  llvdrop«*n  a<  c  uimiJates  and  pr  e  c  i  pi  ta  t  e  s  as  a  t  i  ne  hvdride 
!i  manses  «.  nibr  ill  Ivinent  Addil.onal  ay«np  ^aiisj  s  tlis  hvdride  to 
uTov.  anri  (»v«- ra ^ Jiic.  is  a»  complished 

d  Ihuiropiui  causes  einlinllleineni  while  in  solution  ilvdride 
prei  ipHation  roxsalts  in  restoration  of  duclilitv, 

ff  ludroyen  were  nu*relv  redist  r  i  butt'd  or  randorruxed  bv^  a  rotove”,- 
pi‘ui.(‘ss  at  l<ui^  aLinp  time's,  then  it  vcould  si'eni  plaus-bJe  that  the  entire 
jiroie.'iss  loiild.  l»e  r<*versible  i  e  re  ~  pr  *  «  » r  a  •nui  ^  <  n  d  a  c  :  n  i;  v  oul  d  a  pain 
(reat<'  a  tinfio  deiiendenf  duciiiity  rnin.niiiin  It  liowevcr,  a  stable  hydride' 
vcej-e  tile  end  result  of  this  dpiup  prorc'ss  then  it  would  be  unlikely  tliat 
recvtlmp  would  apain  produce  a  ductiJitv  minimum 

Data  tor  the  C'^MOAM  alloy  prestra  nod  u'-T’o.  for  l.i*0  liours  at 

room  temperaturt-.  then  prestr.iined  an  additional  4%,  and  aped  for  varv 
uip  It  npths  of  t’rne  are  illusirated  wi  From  fh  s  fipurc'  't  is 

quite  evident  t  fia  t  a  ductility  minimum  is  again  c.  bta  iru'd  after  tlie  .-cond 
prestiaiii  «4iuj  subsequent  aging  These  data  sec'm  to  indicate  that  over- 
aging  or  growth  oj  a  .stable  hydride  d;d  not  cause  the  r  c'sto  ra  t  ion  of  riuctiT.t/ 
in  h'lgs  .-4  and  Figs  14  17  and  Ih  but  rather  that  th  s  resumption  of 
^iuc.^l!3t\  at  Kngoi  times  was  attributable  to  ri'covcTV  and  subsc’qui»nt  re- 
ci I ;^t  r ibut  ion  ef  accunuilated  hydrogen  Sinc  e  the  random ‘ za T ion  of  sc'g- 
regated  hydivjgei  would  be  much  more  difficult  if  a  fine  h>  dr.de  were  pie- 
t  jpitated  tlif  authors  feel  tiiat  it  is  more  likclv  that  hydrogen  c  lust  s  em- 
br  itt  1 1  luent  whi’e  sfll  »n  .solution  The  many  similarities  between  hydro¬ 
gen  einbr itl  iernent  in  steel  and  ;n  alpha-beta  titanium  ti  nd  to  ssuppert  mis 
concept 

Jn  summarv-  the  following  h'/pothesis  can  be  advanced  lor  low  strain 
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rate  hydrogen  embrittlement  of  alpha-beta  titanium . 

Inhomogeneous  plastic  strs'n  creates  a  region  to  which  hydrogen  can 
diffuse  This  may  be  at  the  grain  boundary  area  betwetoi  alpha  and  beta 
grams  where  slip  lines  interact  with  grain  boundaries  or  near  the  base  of 
a  sharp  notch.  If  sufficient  time  elapses,  recovery  may  take  place  enab'.ng 
hydrogen  to  redistribute,  and  the  embrittlement  is  minimized  Since  the 
process  is  reversible  with  additional  plastic  strain,  hydride  precipitation 
rtoes  not  appear  to  be  ae  essential  part  of  this  model 

itydrogen  embrittlement  in  alpha-beta  titanium  can  be  iiKenod  to  tlie 
more  classic  strain  aging  process  caused  by  nitrogen  and  carbon  ij;  mild 
steel  No  connection  between  hydrogen  and  the  yield  point  was  obtained  m 
this  investigation. 


2  EFFECTS  OF  HYDROGEN  ON  AN  ALPHA  TITANIUM  ALLOY 

The  object  of  this  pliase  of  the  investigation  was  to  evaluate  the 
effects  of  hydrogen  on  a  typical,  alpha  titanium  alloy,  A 1  lOAT  (5  A!  -  2  5  Sn) 
Since  the  addition  of  aluminum  increases  the  solubility  of  hydrogen  in  tita¬ 
nium,  particular  emphasis  was  placed  on  low  strain  rale  embrittlement. 

The  possibility  of  low  strain  rate  embrittlement  in  this  alloy  has  been  re¬ 
ported  previously  (5). 

Because  delayed  failure  can  either  be  caused  by  a  normal  creep 
process  or  by  hydrogen  embrittlement,  it  is  often  necessary  to  separate 
these  two.  With  unnotched  specimens  the  ductility  obtained  after  a  hydro¬ 
gen-induced  delayed  failure  is  often  less  than  after  a  creep  failure.  Since 
It  is  difficult  to  obtain  exact  ductility  measurements  with  notched  specimens 
It  IS  often  necessary  to  use  different  techniques  to  sepa~ate  hydrogen  embrit¬ 
tlement  from  creep.  Daniels,  Quigg,  and  Troiano  were;  able  to  separate 
these  delayed  failure  processes  by  using  three  criteria  which  were  as 
lollows  (7)  (8) 

1.  F-lect.rical  resistance  measurements 

2.  Sectioning  of  unbroken  specimens  for  hydrogen- 
mdi.ced  cracks. 

3.  Elevated  temperature  testing 

Low  temperature  creep  is  characterized  by  continuous  flow  (usually 
transcrystalline),  .generally  occurring  in  three  stages,  with  no  measurable 
crack  formation  at  least  until  the  third  stage  of  creep.  A  graphical  illus- 
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traiion  of  Die  electrical  resistance  changes  associated  with  a  typical  creep 
failure  is  shown  in  Fig  21A.  When  the  delayed  failure  is  caused  by  hydro* 
gen,  a  delay  period  or  "incubaiicn  period"  is  required  for  the  formation  of 
a  crack.  Tins  crack  then  propagates  until  it  is  l^rge  enough  for  failure  to 
occur.  Klectrical  resistance  changes  for  a  typical  hydrogen-induced  crack 
initiation  and  propaurtiion  proce&s  aic  ohuwn  m  Fig.  213.  Note  from  this 
curve  that  little  measurable  plas-ic  deformation  has  taken  place  prior  to 
the  initiation  of  the  cr^ck 

Sometimes  the  shape  of  the  electrical  resistance  curve  doe?  not 
clearly  describe  the  mode  of  failure.  In  these  cases,  Daniels  et  al.  , 
recommended  the  stopping  of  *.he  lest  sometime  prior  to  failure  in  order  to 
examine  the  specimen  fur  cracks.  If  a  crack  were  located,  this  would 
tend  to  indic  ate  hydrogen- induced  delayed  failure  rather  than  creep  (7)  (8). 

As  a  final  resort.  Daniels  u.sod  elevated  temperature  testing  to  sep¬ 
arate  creep  and  hydrogen-induced  delayed  failure.  The  thought  in  this 
case  was  that  creep-type  failures  would  lend  to  be  emphasized  al  moderate 
elevated  temperatures  while  hydrogcn-induccd  dcfayed  failures  would  be 
minimized  at  these  temperatures 

In  the  present  investigation  of  alpha  alloys  electrical  resistance 
studies  and,  in  some  cases,  sectioning  of  unbroken  specimens  were  em¬ 
ployed  to  separate  creep  failure  from  hydrogen  embrittlement.  No  ele¬ 
vated  temperature  testing  was  conducted 

The  effects  of  hydrogen  on  the  notched  stress  rupture  properties  of 
the  A  1  lOAT  alloy  are  illustrated  in  Fig  ZZ  Note  from  these  curves  that 
hydrogen  in  quantities  up  to  175  ppm  decreases  the  range  of  stresses  in 
which  delayed  failure  can  take  ^lace  without  greatly  altering  the  notched 
tensile  strength  Additional  hydrogen  up  to  285  ppm  increases  the  range 
o.'"  failures  only  slightly  over  the  175  ppm  level,  but  again  the  range  of 
stresses  is  not  nearly  as  g*  eat  as  at  the  45  ppm  level  The  addition  of 
680  ppm  hydrogen  lowers  the  notched  tensile  strength,  but,  in  addition,  a 
range  of  delayed  failure  is  obtained 

Electrical  resistance  measurements  show'ed  quite  clearly  that  the 
delayed  failure  obtained  at  the  45  ppm  and  175  ppm  levels  w'ere  of  the 
"creep  type",  i.  e  the  changes  during  the  test  followed  a  pattern  similar  to 
Fig.  21  A,  Electrical  resistance  changes  at  the  680  ppm  level  indicated 
that  these  failures  wc-re  a  case  of  hydrogen-induced  delayed  failure,  i.  e.  a 
process  of  crack  initiation  and  growth  similar  to  that  shown  in  Fig.  21B 
was  outlined  Kxa/nination  of  the  fracture  surface  of  a  specimen  contain¬ 
ing  oSO  ppm  hydrogen  revealed  a  pattern  of  concentric  crack  formation 
sustaining  the  hypothesis  that  hydrogen-induced  crack  initiation  and  growth 
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had  caused  the  delayed  failure  The  surface  of  a  fractured  specimen  con¬ 
taining  t)dO  ppm  IS  shown  in  Pig  2  3A 

At  the  285  ppm  level  the  demarcation  between  creep  and  hydrogen- 
induced  delayed  failure  was  not  as  sharp.  Klectncal  resistance  measure¬ 
ments  indicated  a  large  amount  of  creep  plus  the  possibility  of  some  in¬ 
fluence  of  hydrogen  Sectioning  a  specimen  prior  to  failure  showed  the 
incidence  of  a  crack,  supporting  the  conce)>t  that  hvdrogcn-indut  cd  de- 
lavL'd  failure  was  als^o  a  fai  lor  in  these  failures  rh.i.s  crack  is  shown  in 

Fig  -iB. 


Since  the  delayed  failure  found  at  *15  ppm  and  175  ppm  hydrogen 
levels  are  attributable  to  c  reep,  it  appears  that  smal!  quantities  of  l.ydro- 
gen  can  greatly  improve  the  creep  resistance  of  this  alloy  without  causing 
any  embrittlement  or  hyd rogen - 1 nduc ed  dclayc'd  failures  This  enhance¬ 
ment  of  creep  resistance  by  hydrogen  can  be  rationalized  by  consideration 
of  the  thoughts  of  Cottrell  (27),  Cottrell  status  for  the  case  of  transcrystal 
Hue  creep  that  when  dislocation  glide  first  commontes.  the  speed  of  the  dis 
location  mos'ement  will  either  rapidly  increase  or  quickly  decelerate  with 
subsequent  interaction  with  other  dislocations  and  gram  boundaries.  In 
alpha  titanium  it  appears  that  hydrogen  -probably  in  cloud  formj  served  to 
hamper  dislocation  movement  in  transc  t  ystalhru'  creep  (not  necessarily 
to  block  dislocation  movement),  enabling  dislocation  and  gram  boundary 
interaction  (with  resultant  work  hardening)  to  lake  place.  Tliusi  it  appears 
that  srnall  quantities  of  hydrogen  can  greatly  aid  in  the  minimization  of  low 
temperature  creep  by  serving  merely  to  decelerate  moving  dislocation!?. 
Hydrogen  is  probably  the  only  interstitial  mobile  enough  to  create  this 
effect  at  room  ti^mperature 

The  data  oblav^ed  at  the  680  ppm  hydrogen  level  illustrate  the  sus¬ 
ceptibility  of  alpha  alloys  to  hydrogen  -  induce  d  delayed  failure  Since  the 
diffusion  of  hydrogen  is  quite  slow'  in  alpha  titanium,  long  times  are  re* 
quired  for  hydrogen  to  accumulate  and  cause  deiayed  failure.  The  range 
of  stresses  over  which  hydrogen •  induced  delaved  failure  can  take  place  is 
not  nearly  a.s  great  as  m  llie  ^Iplia  beta  alloy  17} 

Unnotched  stress  rupture  data  also  illustrate  the  incidence  of  low 
strain  ra'je  hydrogen  embrittlement  Tests  conducted  on  A1  lOAT  con¬ 
taining  IbO  ppm  hydrogen  showed  no  embriltlement,  Fig.  24  while  d?‘ta 
obtained  at  the  285  ppm  level  exhibited  some  embrittlement  at  very  low 
strain  rates,  Pig  2‘»  At  the  690  ppm  hydrogen  level  this  alpha  alloy 
was  ductile  in  a  normal  tensile  test  but  exlubilvd  embrittlement  in  all  the 
low  strain  rate  stress  rupture  tests  (Fig  26) 

Apparently  here,  as  in  the  alpha-beta  allo\  hydrogen  diffuses  to 
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t)io  region  of  inhomogeneous  plastic  deformation  It  is  probable  that  the 
driving  force  for  accumulation  of  hydrogen  is  not  as  great  as  in  t'le  Iwo- 
phasc  structure  Also,  the  diffusion  of  hydrogen  is  much  slower  in  t.he 
alpha  structure  Kor  these  reasons,  the  inciilence  of  low  strain  r?*c  em¬ 

brittlement  IS  not  as  Di'onounced  in  the  alpha  alloy  .a.s  in  the  alpha-beta 
alloy. 


Another  ductility  minimum  at  higher  temperatures  probably  attri¬ 
butable  to  C,  N,  or  O  wa.s  located  for  this  alpha  alloy  in  the  600^  -  1000°F 
range.  These  data  arc  .shown  in  Fig  27  This  is  the  same  minimum  re¬ 
ported  by  Makride.s  (30). 

No  yield  point  was  obtained  in  this  alloy  at  any  temperature  between 
-  1  lO^F  and  1000°F.  A  typical  stress -strain  curve  is  shown  in  Fig.  28 

3  EFFBICTS  OF  HYDROGEN  ON  A  BETA  Ti  l  ANIUM  ALLOY 

With  the  addition  of  sufficient  beta  -  stabih  zing  elements,  a.n  all  beta 
structure  (body ■  cente red  cubic)  can  bo  stabilized  at  ambient  tcmperal”’e.s . 
The  only  commercially  important  oeta  titanium  alloy  is  the  B120VCA 
( 1  3  V- 1  ICr -  3/ 1)  alloy  which  was  studied  in  this  section. 

Hydrop.n  has  been  reported  to  have  a  greater  solubility  in  beta  ti¬ 
tanium  (Ij  (4),  hence,  a  greater  resistance  to  tlie  effects  of  nominal 
quant. ties  of  hydrogen  might  be  expected  for  the  beta  alloys  At  high  hy¬ 
drogen  levels,  however,  both  hydrogen  embrittlement  and  hydrogen-in¬ 
duced  delayed  failure  may  be  encountered  The  object  of  the  following 
investigation  is  to  examine  this  beta  alloy  for  these  phenomena 

The  effects  of  hydrogen  on  the  notched  stress  rupture  properties  o.' 
"soft"  (solution  treated)  B120VCA  are  illustrated  in  Figs  29  and  30. 

From  Fig.  29  it  is  apparent  that  hydrogen  contents  as  high  as  420  ppm  did 
not  alter  the  delayed  failure  curves.  These  failures  are  all  attributable  to 
creep  (confirmed  by  electrical  resistance)  A  hv.lrogen  level  as  high  as 
1150  ppm.  greatly  lowered  the  notched  tensile  strength  but  no  region  of 
delayed  'Gilure  was  obtained  (Fig  30)  At  an  intermediate  level,  such  as 
720  ppm,  some  embrittlement  was  detected  in  the  notch  tensile  strength, 
but,  in  addition,  a  region  of  delayed  failure  was  obtained.  These  failures 
at  720  pprn  seemed  to  be  hydrogen- induced  delayed  failures  following  a 
pattern  previously  descri’  1  in  Fig  21B, 

With  unnotched  'ipccn.-.enr,  the  effects  of  420  ppm  were  again  vir¬ 
tually  iicgligibie.  Fig.  31.  A  hydrogen  content  of  720  ppm  had  only  a 
slight  embrittling  effect  on  the  final  ductility  of  unnotched  stress  rupture 
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specimens,  f'lg.  iZ  With  1)50  ppm.  however,  even  though  tensile  ductility 
was  nearly  normal  (50%  R.  A  ),  the  low  strain,  rate  stress  rupture  failures 
were  quite  brittle  (Fig.  iZ) 

Since  the  solubility  of  hydrogen  in  beta  titanium  is  quite  high,  large 
amounts  of  hydrogen  would  be  required  for  embrittlement.  In  the  case  of 
B120VCA.  greater  than  420  ppm  hydrogen  is  required  before  any  embrittle¬ 
ment  can  be  detected. 

The  diffusion  of  hydrogen  in  beta  titanium  is  quite  rapid,  at  least  as 
compai  ed  to  aipha  and  alpha-beta  alloys  (44).  When  a  driving  force,  such 
as  a  sharp  notch,  is  present,  then  hydrogen  accumulation  will  be  quite  fast, 

30  rapid  that  delayed  failure  can  occur  in  a  time  short  enough  ti'  s’-  iw  em¬ 
brittlement  in  a  notched  tensile  test.  This  seems  to  be  the  case  for  notched 
speciinenti  coiitatnini  1150  ppm.  With  unnotched  specimens,  a  suflicient 
driving  force  for  the  accurnul-ition  of  hydrogen  exists  only  alter  substantial 
plastic  deformation  has  taken  place.  Thus,  only  the  unnotched  specimens 
tested  at  low  strain  rates  were  significantly  embrittled  at  1150  ppm  hydrogen. 

A  wide  region  of  delayed  failure  was  enc,'untercd  with  noli,  bed  speci¬ 
mens  at  the  720  ppm  level.  Because  the  notch  created  a  region  where  hy¬ 
drogen  could  accumulate,  embrittlement  was  not  only  obtained  in  the  notch 
tensile  test,  but  also  in  stress  rupture  tests  at  lower  applied  loads. 

In  an  effort  to  show  hydrogen- induced  delayed  failure  at  a  higher 
hydrogen  level  (1250  ppm),  stress  rupture  tests  wc  re  conmictcd  using 
mildly  notched  specimens.  It  was  hoped  that  the  mdd  mdeh  would  provide 
a  lower  driving  force  for  the  accumulation  of  hydrogen  than  the  sharply 
notched  specimen  and.  hence,  would  lead  to  a  more  time  dependent  embrit  ¬ 
tlement  The  data  obtained  on  B120VCA  containing  1250  ppm  hydrogen  and 
150  ppm  are  shown  in  Fig.  35.  The  range  of  delayed  failure  with  1250  ppm 
was  narrow,  but  one  point  showing  hydrogen-induced  delavod  failure  was 
obtained.  The  failures  at  the  150  ppm  level  were  all  attributable  to  creep 

Thus,  from  these  data  it  c.a.n  be  concluded  that  low  strain  rate  hy¬ 
drogen  embrittlement  (or  hydrogen-induced  delayed  failure)  ran  occur  in 
straight  beta  alloys.  Despite  the  high  diffusion  rates  in  beta  alloys,  this 
low  strain  rate  embrittlement  is  not  as  pronounced  as  in  ilpha-beta  alloys, 
probably  because  of  the  increased  solubility  or  tolerance  for  hydr.agen  in 
the  beta  structure 


54 


WADC  TR  59-172 


IV 


SUMMARY  AND  CONCRLSiU.Na 


A  ciuct  lit,-  iiiinimini  was  obtained  :n  unno'.i  hod  stress  rupture  tests 
conducted  on  a  heat  treated  alpha-beta  titanium  alloy.  Th:.s  minimum  was 
obtained  only  at  mtermcdiate  li^dropen  lev'ets  (200  -  420  ppm);  at  lower 
bydropen  contents  no  embrittlement  was  encountered,  and  at  higher  hydro¬ 
gen  contents  eirihrittlemeni  was  obtainc'd  in  all  stress  riipt  ire  tests.  Thi.s 
ductiitty  m i ill’ I lUiii  wa.s  presii  ned  to  be  part  ol  a  strain  aginji  rnechanicm 

Prestr  lining  and  tlien  aging  tins  alpha-beta  alloy  containing  this  same 
1  ntc  riiieUiate  c|nanti:y  of  hydrogen  .  reated  a  lowering  of  ductility  after  a 
given  aging  tune  (generally  2  -  t>  hours)  The  durtility  was  restored  after 
longer  periocs  of  aging  (approximately  100  hours;  Tins  ductility  rr  inirnum 
after  prestraining  w-i.s  not  obtained  at  tower  hydrogen  levels  (20  -  HO  JJpm) 
Tliese  data  .s<  emed  to  confirm  tlie  fact  that  slow  strain  rate  hydroge  i  em- 
britUement  in  alpha-bi-tn  titaniani  alloys  is  acTuallya  strain  aging  phenomenon 

A  hypolbesi.s  wa.s  advanced  for  tow  strain  rate  hydrogen  embrittlement 
in  titanium  In  this  model  it  is  said  that  hydrogen  migrates  to  a  region 
created  by  inhomogeneous  plastic  strain  (where  a  stress  field  exists), 

Ims  region  may  he  either  at  the  intersection  of  sl.p  lines  and  giain  bound- 
ci.des.  or  near  the  base  of  a  sharp  notch  Recovery  of  plastic  strain  will 
result  in  the  redistribution  of  hydrogen  w'lth  subsequent  minimization  of  the 
embrittlement  H\-dride  precipitation  t.s  not  an  essential  part  of  this 
mechanism , 

Slow  strain  rate  hvdrogen  embrittlement  can  also  be  obtained  in  an 
alpha  alloy  The  range  of  strc.sse.s  over  which  hvdrogen- 1 nduc ed  delayed 
failures  can  occur  was  not  large  because  of  lh«’  relatively  slow  diffusion 
rate  of  hydrogem  in  alpha  alloys 

Small  quantities  of  hydrogen  can  also  creaic  an  miprovement  in  the 
creep  resistance  of  an  alpha  allov  This  can  be  attributed  to  the  inter¬ 
action  between  moving  dislo ca'ions  and  hydrogen  clouds,  causing  a  de- 
c’eleration  of  the  dislocation  movement 

Slow  strain  rate  hydrogen  embrittlcme.nt  was  obtained  in  a  beta  alloy. 
Because  tne  high  solubilitv  of  hydrogen  in  beta  titanium,  no  hydrogen  effects 
were  encountered  with  42.0  ppm  hydrogen  or  le.ss  Notched  specimens  W'ore 
subject  to  low  strain  rate  embrittlement  at  a  lower  level  than  unnotched 
specimens  (720  pp-ui  vs  llbO  ppm  hv'droge-  Because  of  the  high  diffu- 
sivitv  of  hydrogen  in  beta  titanium.  ;n  .some  ..istauces  ''delayed"  failures 
apparently^  took  place  in  times  short  enough  to  cause  embrittlement  in  a 
notched  tensile  test. 
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The  incidence  of  low  strain  rate  embrittlement  in  an  alpha  and  a 
beta  alloy  rules  out  the  necessity  of  an  alpha-beta  interface  for  hydro{;en- 
induced  delayed  failures.  In  both  cases  apparently  some  strain  was 
necessary  before  delayed  failure  could  occur. 

For  low  strain  rate  hydrogen  embrittlement  to  occur  in  titanium 
alloys  it  appears  the  following  are  necessary: 

a  a  suffmient  quantity  of  hydrogen 

b.  a  sufficient  diffusivity  of  liydrogen 

c.  a  driving  force  for  the  accumulation  of  hydrogen  (as 
postulated  previously  -  inhomogeneous  strain  can 
create  this  force) 
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FIG.!  : SPECIMEN  TYPES  USED  IN  HYDROGEN  EMBRITTLEMENT 
INVESTIGATION. 
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FAILURE  TIME<^ HOURS 

FIG.  4  :applied  stress  for  delayed  failure  and  reduction  in  area 

AT  failure  for  C-130  AM  ALLOY,  330  PPM  HYDROGEN,  170,000  PSI 
STRENGTH  LEVEL,  UNNOTCHED  SPECIMENS. 
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TIMEe-»HOURS 

FIG.  5  ;applied  stress  for  delayed  failure  and  reduction  in  area 
AT  failure  for  C-I30  AM  ALLOY,  80  PPM  HYDROGEN ,  170,000  PS  I 
STRENGTH  LEVEL.  UNNOTCHED  SPECIMENS 
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FAJLURE  TIME«—» HOURS 

FIG.  6  :  APPLIED  STRESS  FOR  DELAYED  FAILURE  AND  REDUCTION  IN 
AREA  AT  FAILURE  FOR  C-130  AM  ALLOY,  20  PPM  HYDROGEN, 
170,000  PSI  STRENGTH  LEVEL,  UNNOTCHED  SPECIMENS. 
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TIME*-^HOURS 

FIG.  7  :applieo  stress  for  delayed  failure  and  reduction  in  area 

AT  FAILURE  FOR  C~I30  AM  ALLOY,  420  PPM  HYDROGEN ,  170,000  PS  I 
STRENGTH  LEVEL, UNNOTCHED  SF'ECIMENS. 


FIG.  8  TYPICAL  STRESS-STRAIN  CURVE  FOR  C-i30  AM  ALLOY, 
QUENCHED  AND  AGED,  170,000  PSI  STRENGTH  LEVEL . 
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FAILURE  TIME— HOURS 

FIG.  12  :  APPLIED  STRESS  FOR  DELAYED  FAILURE  AND  REDUCTION  IN  AREA  AT  FAILURE 
FOR  C-130  AM  ALLOY, 430  PPM  HYDROGEN,  ANNEALED  CONDITION,  UNNOTCHED 
SPECIMENS. 


REiiUCTION  IN  AREA  PER  CENT  STRENGTH  1000  PSI 


TEST  TEMP  “P 


FIG.  i3  .EFFECT  OF  TEST  TEMPERATURE  ON  STRENGTH 
AND  DUCTILITY  OF  C-I3C  AM  AI^LOY,  250  PPM 
HYDROGEN,  170,000  STRENGTH  LEVEL.  UN" 
NOTCHED  SPECIMENS,  .05  IN/IN/MIN  STRAIN 
RATE. 
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AGING  TIME  AT  ROOM  TEMPERATURE  HRS 

FIG.  15  .EFFECT  OF  AGING  TIME  AT  ROOM  TEMPERATURE  ON  FINAL  STRENGTH 
AND  DUCTILITY  OF  CI30AM  ALLOY,  PRESTRAINED  6  PER-CENT,  80  PPM 
HYDROGEN ,  170,000  STRENGTH  LEVEL ,  UNNOTCHED  SPECIMENS. 
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AGING  TIME  AT  ROOM  TEMPERATURE -'HRS. 

FIG.  16  :effect  of  aging  time  at  room  temperature  on  final 

DUCTILITY  OF  C-I30  AM  ALLOY  CONTAINING  20  OR  4P0  ^ 
HYDROGEN,  PRESTRAIN  4-6% ,  170,000  PSI  STRENGT* 
UNNOTCHED  SPECIMENS . 
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!  I  10  100  1000 

AGING  TIME  HRS 

FIG.  I8;EFFECT  of  aging  time  at  I25®F  a  I75“F  on  final  DUCriLITY  OF 
C-I30AM  ALLOY,  PRESTRAINED  6%,  300  PPM  HYDROGEN,  170,000 PS! 
STRENGTH  LEVEL, 


REDUCTION  IN  AREA  ~  PER  CENT  STRENGTH''^IOOO  PSI 


AGING  TIME  AT  SOO^F  HRS. 

FIG.  (9  .'EFFECT  OF  AGING  TIME  AT  500“ F  ON  FINAL 
STRENGTH  AND  DUCTILITY  OF  C-130  AM  ALLOY, 

FRESTRAINED  6%,  80  PPM  HYDROGEN,  170.000 PS! 
STRENGTH  LEVEL,  UNNOTCHED  SPECIMENS. 
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RG.20;  EFFECT  OF  AGING.  TIME  AT  ROO?^  TEMPERATURE  ON 
FINAL  STRENGTH  AND  DUCTILITY  OF  C-130  AM  ALLOY 
PRESTRAINED  6%,  AGED  120  HRS.  AT  ROOM  TEMPERAT¬ 
URE,  then  PRESTRAINED  AGAIN  4%  2'iO  PPM  HYDRO¬ 
GEN,  170,000  PSI  STRENGTH  LEVEL  ,  UNNOTCHED  SPECIMENS. 


ELECTRICAL  REaSTA.*JCE  INCREASE-^  IQ-BOHM 


TIME  UNDER  LOAD— MINUTES 


RG.2I  ;  ELECTRICAL  RESISTANCE  VERSUS  TIME  FOR  SHARP  NOTCHED 
SPECIMENS  UNDER  STATIC  LOAD,  AFTER  DANIELS,  QUIGG, 
AND  TROIANO(7). 


WADC  tr  59-172 


8) 


APPLIED  STRESS  ICOO  PSl 


ri'3.  22  :  NOTCHED 
A- no  AT 


STRESS  RUPTURE 
ALLOY  AT  VARIOUS 


CURVES  FOR 
HYDROGEN  LEVELS. 


WADC  TR  59-172 


82 


o 

o  o 

in 

o 

lO 

o 

o 

lO  <NJ 

rO 

CJ  — 

tSd  0001*-^ 

lN3D-H3d«>^3yrniVd 

IV 

S53U1S 

aaiiddv 

Nt  Noiionasa 

WACC 

TR  53-173 

85 

I! 


*  O'  1-0  IC  lOO  1000 

FAILURE  TIME'^HOURS 

FIG.25:aPPLIED  stress  for  delayed  failure  and  reduction  IV  area  at  F*MLUfJ 

FOR  5  Ai-2  5  Sn  ALLOY,  285  PPM  HYDROGEN ,  140,000  PS!  STRENGTH  LEVEL, 
UNNOTCHED  SPECIMENS. 


APPLIED  STRESS 

REDUCTION  IN  AREA^PEF  CENT  f{XX)PSi 


RG.26;APPU£D  stress  for  delayed  failure  and 
REDUCTION  IN  AREA  AT  FAILURE  FOR  SAL- 2.6 SN 
ALLOY.  690  PPM  HYDROGEN  ,  UNNOTCHED  SPECIMENS 
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ILITY  OF  A-liOAT  ALLOY,  45  PPM  HYDROGEN,  UNNOTCHED 
SPECIMENS,  .05  IN/IN/MIN  STRAIN  RATE. 

WADC  TR  59-  172  87 


rp  59-*,  72 


8 

pt 

sai 


8 

Z 

Qvcn 


8 

i? 

a3i~vdd'« 

ee 


8 


« 


09 

04 


nsj 


240 


WADC  TR  59-172 


89 


FAILURE  T!M!C‘^H.SS 

FI6.29  : DELAYED  FAILURE  CURVES  FOR  B-I20VCA  ALLOY,  150-720  PPM 
HYDROGEN,  SHARPLY  NOTCHED  Sf*ECIMENS. 


2001“ 


FAILURE  TIME‘S  HRS 

FIG. 30  ; DELAYED  RVILURE  CURVES  FOR  B-i20VCA  ALLOY,  720  AND 
1150  PPM  HYDROGEN, SHARPLY  NOTCHED  SPECiWerJS. 
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FAILURE  TIME  HOURS 

FIG.  31  :  APPLIED  STRESS  FOR  DELAYED  F-AILURE  AND  REDUCTION  IN 

AREA  AT  FAILURE  FOR  B-I20VGA  ALLOY,  150  AND  420  PPM 
HYDROGEN,  UNNOTCHED  SPECIMENS. 
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FAILURE  TIME^^i  HOURS 

FI6.32: APPLIED  STRESS  AND  REDUCTION  IN  AFEA  AT  FAILURE  FOR  B-I20VCA 
ALLOY,  720  AND  1150  PPM  HYDROGEN,  UNNOTCHED  SPECIMENS. 
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FAILURE  TIME^  HFIS 

FIG.  33  ;  DELAYED  FAILURE  CURVES  FOR  E- ISO  VGA  ALLOY,  150  H2S0  PPM 
HYDROGEN,  MILD  NOTCHED  SPECIMENS . 


SECTION  ll.i 


HYDROGEN  EMBRITTLEMENT  OE 
SEVERAL  FACE-CENTERED  CUBIC  ALLOYS 


P.  A.  Blanrharci 
A.  R.  Troiano 
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ArSTRACT 


The  hydrogen  embrittlement  of  austenitic  Ni-Cr-Fe  alloys  and 
OFHC  copper  has  been  investigated.  Ni-Cr-Fe  alloys  were  embrittled 
by  ji'/drogen  and  their  embrittlement  waa  demonstrated  to  be  of  the  same 
nature  as  that  of  steel. 

A  qualitative  mechanism  was  presented  which  indicated  that  only 
the  transition  metals  should  be  capable  of  conventional  hydrogen  em¬ 
brittlement  This  mechanism  also  accounted  for  the  observed  dec.L.i*ot* 
of  embrittlement  in  the  austenitic  Ni-Cr-Fe  alloys  with  increasing  {Fe  + 
Cr)  content. 
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I  IN  rRODLIC  I  ION 


ihi'  ir.crca^^i'd  application  of  hipl'i  st /c-;  T’.'.att'r'.als.  part!!;  iisa  % 
stceel  and  titanium,  lias  Ftiniuiated  an  extensive  staciv  of  Iivdroi^eji  otn- 
brittlemer.t  which  limits  the  use  ol  these  maleri^Js  in  se\ero  .^er\i‘  e  ■  '  ri- 
ditions  Thus  far,  most  of  the  iiivestiijalions  liave  been  torn  erned 

wi'.h  titanium  and  body-centered  cubic  steel  (i.  i.\.  3)  a'.thoupii  a  li*v.  have 

dealt  with  austenitic  steelo  (1  The  latter  rriaierirl*^  wiu  re  \irlii.ii!. 


failures  du-:?  lo  hydrogen  embrittlement  (H),  li.  1^')  Ihis  ciiiierenie  i;. 
susceptibility  to  embritt5enient  between  body  -  rente  red  and  lare-c  entered 
cubic  steels  appears  even  vvhtm  the  two  matt  iials  iiavr-  the  sanu*  ..  omps.' 
sition,  i.  e,  an  auslenilic  steel  which  is  not  affected  l>v  hvilrn^:.  adfii  t 
L'ceomes  susceptible  to  en^brittlenienl  when  it  uucli- 1  u.t  g  *  r.  ir.;e  i- 

formatitin  either  by  cooling  to  low  temperatures  or  by  cold  wtukiiii:  Id 

12,  li). 


The  influence  of  strurtuie  has  been  expiaineii  by  the  dilierent  char¬ 
acteristics  of  tile  two  lart:.ces  with  respect  t*;*  two  of  the  most  nnportanl 
f^rtnrs  influencing  liydrogen  embr  itthmient .  i  iv  tJu*  eqiuiihrium  soiui>,i'.tN 
and  the  diffusion  rate  of  hydrogen  (1.  •}.  10.  14)  TJie  solubility  Iivdro- 

gen  IS  approximately  three  to  four  times  greater  ni  austiunte  tiuin  in  ler- 
rite.  Therefore  it  may  be  expected  that  more  hydrogen  is  tu?cessarv  to 
embrittle  austenite  than  ferrite  Furthermore,  the  ral(‘  of  dilfusion  of  i-.v  • 
drogen  in  austenite  is  much  slower  than  in  ferrite  Smi  e  the  degree  of  t  m 
brittlement  and  the  rate  of  crack  propagation  in  embrittled  spei  imens  art 
controlled  by  diffusion  of  hydrogen  (15.  lo).  the  lower  diffusion  rate 
may  lead  to  a  very  different  appearent  effect  of  hydrogen  m  fac  <•  -  c.  o  nli  red 
cubic  alloys  though  the  same  mechanism  may  be  operative.  fiie  I  vdrt.gcn 
eiiibr ittlemcn'v  of  ferritic  stcelv  disappears  at  both  lov.  and  high  test  iiJit- 
peratures  and  also  at  high  strain  rates  (27),  ’..c  ‘•lower  rale  of  dilfusior' 

would  iTiake  a  tensile  test  of  hydrogen-charged  .iitic  material  equiv  ¬ 

alent  to  one  at  either  high  strain  rates  or  low  temperatures  in  ferritic 
materials 


Since  a  nurnher  of  alloy  systems  had  been  «^xamined  it  was  inlt>rrfd 
by  many  investigators  that  no  facc-centercd  cubic  rnetal  can  be  cmbrittii  d 
by  hydrogen  (4).  An  exception  to  this  was  the  hydrogen  embrittlement  of 
nickel  discovered  by  Eisenkoib  and  Ehrlich  Their  results  suggeste  d 

that  the  above  rule  was  not  universal. 


t.he  Bibliography 
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The  purpose  of  this  work  was  twofold,  first. to  d.; t e rmine  wliuther  tlie 
hyd’-ojten  ernbi  ittlement  of  nickel  is  of  the  same  n.ature  a.s  that  of  steel  and 
.secci.diy.  to  oxarnine  the  effect  of  alloyini;  on  the  inagnitude  of  the  embrit¬ 
tlement  in  nickel.  For  reasons  w'hich  will  he  discussed  later,  the  hydrogen 
.-mbrittlement  of  pure  copper  was  also  investigated  The  ''optimum''  con¬ 
ditions  lor  liydrogen  embrittlement  ''liich  have  been  determined  previously 
(171  were  used. 
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II  MAT£:RIALS  AM)  PROCEDURE 


1.  SPECIMEN  PREPARAT;ON 

Emhl  rtlioys  v.H're  used  in  ibis  investi^ati'jn.  t  ominornany  pure- 
nukt'I  (Nickc!  A),  7,1%  N'l  -  ZH%  Fe.  \i  -  49‘ro  Fo.  Xiivar.  N’lchronif 

i  a?HJ  ^-’chrome  V,  sJair.l^'hs  steei  and  OFHC  i  opp{*r.  T};:  com- 

positioiiH  of  tk.c  f;r.>t  <»llovs  art-  d  i.‘.  Ta«>!t-  1  I'lie  spt-cini*,*!, 

typos  usod  art  sh-'wn  in  Fu?  1  Tho  slia r pi y- noti  liod  f»poi  lr^^.ons  wore 

4AHJ.E  1 


Choinu  al  Analv'sis  o!  j\i.it(“rial 


"/)  ,\'i 

%_Cr 

%  Fe 

Nickel  A 

<)i>  1 

0,  1=^ 

72%  Ni  -  2o%  Ee 

11  7 

27  2 

DJ  '-o  Ni  ~  4'>‘%  Fe 

5i 

-I'J 

.Nil  va  r 

>(> 

0-! 

.\u  hronu-  1 

1)0 

h) 

2-) 

Nic  brume  V 

HO 

20 

25-20  Stainless  vStee! 

19.  7 

2'1.  0 

52.  H 

r.’trspluyed  f-'r  th(?  notch  tensile  slren^li;  determinations  and  didayod  lailurc 
st’idies  wluU*  the  o.nnotched  spot  imons  v^ere  vised  /.or  the  tonsiU*  strength 
and  d'K  tility  rne^asurements 

All  ni<kel  base  alloys  were  used  in  the  as- received  condition.  T.bo 

stainless  steel  was  siudiird  immediately  aflor  annealing  thirty  min¬ 
utes  at  2050®F  or  after  annealing;,  and  cold  swatine  6*?% 

The  OFKC  copper  was  obtained  from  a  wirebar  and  cold  rolled  51% 
prior  to  machininj^  The  thermal  charging  acted  simultaneously  as  a  re - 
^  ry stall iz3 tion  treatment. 

The  tens  ie  properties  of  these*  alloys  are  presenlc*d  in  Table  U  for 
I  lie  uncharged  condition. 
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]  ah;-e  ii 


T-  ji’-i!"  Properties  of  tlie  Alloys  L'scd  in  ihis 
Invcstifjation  for  a  0.05  me  1-.,  iiur.ufe  Cli  oss  Head  Speed 


in  tht?  Tensiic* 

Strength  Level 

Reduc  tion  in  Av 

(psi) 

at  Fracture 

N'lckel  A 

1  Ih.  000 

7  3% 

7  S'It  INi  -  2h%  Fe 

95.  500 

74% 

5  1%  Ni  -  4't%  Fe 

10«,  000 

64% 

MiK  a  r 

7  1.  0011 

7S% 

Niihrome  I 

109.  000 

54.  5% 

■N'i chrome  V 

i02,  000 

72.  5% 

25-20  Steel  Annealed 

M  i,  non 

7o% 

25-  20  Gold  Worked  -  7% 

l-lo,  000 

t;i% 

OFIK.;  copper 

30.  000 

'*0% 

HYDHOGP.NA'nON  AND  CADMIUM  PJ.ATIN’G 

Both  thermal  and  eathodn,  ehargin};  were  used  in  tins  investigation, 
riierinal  charging  was  used  for  25-20  stainless  steel  in  wnich  the  diffusion 
rale  of  hydrogen  is  slow  and  in  copper  which  is  permeable  to  hydrogen  only 
at  high  temperatures.  The  procedure  used  w'as  the  following: 

a)  heat  ihe  furnace  up  to  2050*^F  for  25-20  stainless  steel 
and  1  1  1  5^F  for  OFHC  copper, 

li)  ilnsh  the  lube  with  argon, 

c)  introduce  the  .specimen  into  the  furnace, 

d)  flush  the  tube  again  with  argon 

e)  suhstilute  hydrogen  for  argon  with  a  pressure  slightly 
above  atmo.spheric  pre.ssnre. 

f)  chary  io  hours. 

g)  flush  the  furnace  tube  with  argon, 

h)  open  the  tube  ana  quench  the  sp^.  i..,,-..  in 
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The  other  aJioys  were  catiiodically  chareor*  c  hare^ne  haili  was  a  iZIM 

sulfuric  ac  id  solution  poisoned  with  Zb(j  nig  of  arsenic  -s  sodium  arsenite 
f>c  i  liter  Ti>e  dpeciiiiCiis  were  degreased  with  carbon  tetrachloride  before 
charging.  Current  densities  employed  were  ZZ  amperes  per  square  inch 
for  the  iHinotched  specimens  and  12  6  amperes  per  square  inch  for  the 
notched  specimens  The  bath  was  heated  bv  the  current  to  a  temperature 
varying  between  170°P  and  ISh"!*'  Because  of  the  abundant  loss  of  elec¬ 
trolyte  during  charging,  fresh  liquid  was  added  to  the  hath  every  hall  hour 

Immediately  after  charging,  the  specimens  were  cadiniunri  plated  to 
avoid  subsequent  degassing  Cadmium  plating  W'as  perlorrried  in  a  .sodium 
cyanide  bath  with  a  current  density  of  20  amperes  per  square  foot  for  S  rum - 
utes  when  nc  subsequent  heating  of  tl.e  specimen  was  to  be  pierformed,  and 
for  20  minutes  when  baking  w'as  necessary  to  pvroduce  a  hon'Ogeni'ouj:  dis¬ 
tribution  of  hydrog€*n 


3  TESTINO 

Tensile  testing  was  carried  cup  in  a  hydraulic  lesling  machine  at  con- 
steint  crosshead  speeds.  Various  speeds  in  the  range  0.  OJ  to  10  inches  per 
minute  were  used.,  iligher  strain  rate  tensile  tests  were  performed  on  a 
draw  bench  at  crosshead  speed  of  iOO  inches  per  minute.  A  constant  load, 
lever-arm  stress  -  rupture  machine  was  used  lor  delayed  failure  tests. 
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Ill  RESULTS  AND  DISCUSSION 


1  SIMILARITY  OF  THE  HYDROGEN  EMBRITTLEMENT  OF  NICKEL  AND 
NICKEL  BASE-CHROMIUM-IRON  ALLOYS  WITH  THAT  OF  STEEL 

The  effect  of  cathodically  introduced  hydrogen  on  the  ductility  of 
nickel  and  nickel  base  -  cl;  rominrn- iron  alloys  was  investigated.  These  alloys 
were  ernbi  Titled  by  hydrogen  I'o  determine  whether  this  enilii  ittlcment 
was  of  tile  saint:  '  -pe  as  that  of  steel  its  dependente  on  .strain  rate  and  teni- 
pcrat.ji  --  uf  testing  was  studied 

A  Strain  Rate  Dependence  of  tlie  Embrittlement 

The  variations  of  the  ductility  of  charged  and  uncharged  nickel  and 
7<t%  Ee  are  jilottetl  in  Eig.  ?.  and  Fig  f  The  embr’tt  emenl  of 

both  alloys  decreased  as  strain  rate  incre.as<'d.  The  ductility  of  the  cliarged 
specimens  was  lowest  at  the  minimum  strain  rate  employed  and  equal  to 
that  of  the  uncharged  .spec  imens  at  liigl  strain  rate.s. 

B  Temperature  Dopendetn  c  of  the  Embrittlement 

The  variation  of  the  ernbrittlemcr.f  of  nickel  with  Uimperature  is  pre¬ 
sented  in  Fig,  4  .For  a  particular  charging  coi'dition,  it  disappeared  at 
low  and  high  test  temperatures  and  was  maximum  in  an  intermediate  range 
of  temperature. 

The  hydrogen  embrittlement  of  nickel  and  high  nickel  -  chromium- i  roii 
alloys  has,  the r..‘fo*‘e.  the  same  dependence  on  strain  re',  and  test  temper¬ 
ature  as  that  of  stcei  and  hi-ace  is  also  a  diffusion  controlled  phenomenon 
since  It  disappeare  '.v.hi  a  diffusion  is  inhibited  either  bv  a  high  strain  rate 
oi  a  low  testing  temperature  This  behavior  is  opposite  to  that  of  other 
kinds  of  embriltleinent,  e.  g  the  embrittlement  produced  by  the  presence 
of  hydrides,  which  incrca.se.s  with  increasing  striiin  rale  and  decreasing 
test  temperature  ilKV 

C  Recovery 

Aging  produced  ;i  fetovc-ry  of  the  ductility  of  the  charged  alloys  in¬ 
dicating  that  the  embrittlement  was  reversible.  One  of  these  alloys, 

80%  Ni  -  20%  Fe.was  u.sed  for  detailed  study  of  recovery.  The  ductility 
of  the  charged  alloy  increased  with  increasing  baking  tinr.cs  at  250^F,  and 
the  embrittlement  diSapp'urcd  coiiipietely  with  sufficient  baking  (Fig.  '-•} 
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NOTCH  TfilNSILE  AND  DELAYED  TAiOURE  I  ESTS 

Thf*  effect  of  hydrouen  on  the  notch  tensile  strength  <il  iM.kei  was 
studied  at  varioas  tcmpcratvires .  The  rv^siilts  shown  in  Tahle  III  indicate 
that  the  notch  tensile  strength  of  nickel  v^as  not  leciuced  by  JiydrogcMi. 

TABLE  Ill 


Notfli  lensiie  Strength  ol  Nickel  A  in  tlie 
Charged  and  Uncharge<l  Conditio/i 


Spe«' iint'Ms  Charged  7  h  r  s 
witli  a  1  2.  {>  amp/ SI 

Test  Temperature  Unciiarged  Sjnuimens  i  virrent  density 


70“f  144.  000  psi 

200"K  ■  '  >.  SOO  p-ji 

350°K  i4^.  OOOpsi 


1  '4*4.  ■JOO  ps  i 
J  44.  000  ps  ) 
i  36  CCO  ps  1 


No  delayed  failure  was  obst*rved  on  not*.  h«’<l  spei  imeii>.  of  ni<  kid  chcirgeii 
7  hours  with  a  current  donsits'  of  12  n  ariiperes  per  square  Tich  'I'liesj- 
results  are  explainable  by  the  fact  that  '.cith  the*  <  hargong  toiuhtions  ustul, 

Vhe  fracture  of  einhrittied  nitkcl  svas  still  a  ducti)*.*  one  Die  recTution  :r. 
area  ar.  fracture  was  only  reduced  to  5»0%  and  necking  still  occurred  i»i  the 
unnotched  specimens.  Furthermore,  the  st  r  e  ss  -  st  ra  j  n  lurves  of  nolclied 
.specimens  alscj  reachi*d  a  maximum  It  i.s  know;  liS)  that  tensile  and  noti'.ed 
tensile  .strength  are  not  modifietl  by  hydrogen,  em  hr  it  t  J  erne  nt  unU*ss  the  thn  - 
tility  at  fracture  is  reduced  below  the  value  neci^ssary  for  necking  This 
accounts  for  the  insensitivity  of  not.  hod  tensile  striMicth  to  llu*  embrittlement 
of  these  al leys 


3.  VARIATION  OF  THE  EMBRITTEEMEN  h  OF  N*  CR-FE  AEEO\S  WITH 
COMPOSITION 

The  variation  of  the  hydrogiui  embr Jttienienl  uf  N'l-C^r  Ft*  allcjv’.s  is 
presented  in  Fig.  6.  In  this  figure,  the  circled  figures  represent  the  re¬ 
duction  in  ductilitv'  due  to  a  cathodi*  charging  treatment  oi  4  hours  as  a 
function  of  the  composition  of  the  alloys  The  redut:lion  in  ductility  oi  tin* 
nickel  base  alloys  decreases  with  incrc*asing  (iron  -»  chromium)  <CJkiienlt;. 
The  embrittlement  was  maximum  for  pure  mrkei  and  nil  for  ^1%  Ni  - 
49%  Fe  alloy,  Nilvar  and  2S-20  stainie.ss  steel  it  seemed  to  vary  contin¬ 
uously  for  i Jit er nied ia ir*  uiiipos  1 1 ions 

Since  the  diffu.s.on  rate  of  hydrogen  is  ver%'  low  m  steel  .at 
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roop’.  icJpprraliirr  tl»rrniai  ^hargiitj^  v^as  nsi'd  to  prt)du(  i'  a  qro'atcr  hvnrt^- 
Ljfn  (  (ip.lunf  tljo  s})i  i  ir/st-n  'i  nis  irtvitnu^nt  did  no*  pr'adijcp  anv 

<'ni!>ritiIi-{Yit-‘nT  Sinct'  tiic*  .su.sceptJ biiitv  of  a  uiVciY  nn't»ii  lo  fivtiror.t'n  cPi- 
brj  ttljniiM'.t  increasi's  ulu*r.  it.‘5  strength  J«‘v<d  la  increased  or  its  diutihtv 
dre  reast'd.  (i5)  s<jn::e  filainit’ss  ste»*i  was  cold  svva^ed  ol%  -  a 

trt'atnier.t  whnli  reduce-  its  tiiic  t  il  ity  Irom  V:>>)  lo  oj%and  raises  its 
strcnpt)i  level  froin  000  psi  to  ]4d.  000  psi.  In  arldifion  in  an  ef/ori  to 


inbriltic  (hf  2 

5-.’0  stec-1  more- 

sevc'rc  c 

hargme  1 

onditions  veitrc' 

<  •  li rij :  u  t'j  ii.‘ 

<•  ioi  lowing  S(‘qu 

;eii<  e 

a) 

(a‘.arg<‘  5  )H>urs. 

piate  ^*0 

minute,  if 

bake  J  h.our  at 

l.| 

DepJates  cliarge 

4  ho‘:r 

plate  dO 

Tr,inutt‘s,  bake 

1  hour 

at  ,15U*’F. 

<  ) 

IJepJate.  charge 

4  Ijours 

plate  dC 

nunutc-s.  hake  . 

i  ho-iT 

.If 

(i)  ])e}j'<iU'  t  luirci-  S  honr'^ 

Tie*  iiit(‘r’*!edi.ite  OaKini:  t  rf^atiTO'iil  was  jxt  loi  UYcil  !o  nuil»\'  the  superFt  :.i; 
skiM  oi'  hyriropeu  prod.no'd  l>v  lalhudu  liiarpiiip  <hijuse  wito  the  sju-t  iiiu  n 
bv  tills  process  <i  hiicld  en.brittlenii’iit  v^as  produv  ^-d  The  dintilitv  -d  the 
(  hargC'd  ..clioe  v.<<s  reduced  from  oj'!o  tc^  S  O'l) 

J  ills  result  J nH u  te s  t  hfi  t  the  w  el  j  kn* •  w n  nori -  s us c  <  pt  s In  i i f \'  o i  s  ’a i n  - 
les.s  sl(>(>]  to  I;  s<l  r  oy  (•  r;  c-io  bn  tt  1  eiti  ent  is  (Jue  lo  its  4ii};erej,t  duitiiifv  «*n(t  !o 
relatU'elv  low  hs(irot;en  contents 

4.  THE  !iYI)KOC}KN'  FM  PH  ! -;!  I  JX.VJEN  i  Ot'  OFHC  C:OPPKK 

Ox  y  y,c,' II  -  bea  r  1  up  copjier  is  known  lo  be  oml/ritiied  bv  an  annealinp 
treatment  in  hydrogen  ibis  ft-,  br  .  tt  Icneni  is  duo  to  the  redut  iioii  oi 

copper  oxides  bv  liydropen.  and  the'  r<*sull:nc:  hiph  pressures  produced  in 
the  metals  bv  t!v’  water  vape^r.  Oxyiieii  free  copper  was  ..'sed  to  deterrn.ne 
wlu’-d'.er  copper  is  susc  cptibie  lo  hydrogen  embr  itllement  without  the*  mask 
in^  effect  of  the  water  vapor  reaction  A  fhc  ririal  charpmg  of  16  lionrs  at 
IJJS^F  was  used  I'he  results  shown  m  Table  IV  show  that  there  was  no 
'I* mbr  j  tt  lenient 


iOS 
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TABLE  IV 


Ductility  of  Ol'HC  Copper  ui  the 
Ch.:ii*t*c<i  and  lInrliart;od  Conditions 


Temperature 

Uncharged  Specimens 

Charged  Spe c  an en.s 

70^F 

8P.  5 '5, 

89% 

200^F 

o c  nJ 

t*tj  j  ,0 

88% 

84. 

8  5% 

*405"  K 

76.  5% 

75.  5% 
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IV  GKXKRAL  DKSCUSS10,\' 


Fi-.e  rt-siilts  pre.sentpd  alcove  prove  l/iat.  although  an  5mpoi‘taiil  factor, 
tlie  .'Structure  of  an  alloy  does  not  provjue  ais  a!<sohite  criterion  lor  produtin, 
an  alloy'  .s  .susceptibility  to  hydrogen  en-ibrdtlenient  Though  aiistenitu  iron 
I  ii  roniiu’71  -  ni  rke  I  alloys  are  in  general  le  rs  lapahle  of  being  embrittled  ll.an 
lerrnu  and  .•riartensitie  sleels,  thov  are  (lei’tniteiy  .susceptible  to  i  ydr.igen 
eni  brittleiiient  and  tl'i.'-i  sus;  cpt  1  Iji  1  it  y  is  a  iiineiion  of  ;  oiti|ios  ition  among  Olhe 
Ihings.  Thi.s  re.sull  is  not  at  variance  with  previous  studies  on  austeni'ic 
steels  (2,  5,  1,  5,  n.  7)  svhieh  showed  that  these  alloys  u.cre  not  cinlirittied 

I'V  liydrogeii  Previous  work  wa.s  generally  performed  with  less  severe 
tliarging  conditions  than  these  employed  in  this  investigation  and.  for  a  g’v- 
en  I  barging  condition,  the  hydrogen  emliritllemeiil  of  N'-Cr -Fe  alloys  aji 
pear.s  only  for  high  nickel  ailovs 

At  this  point  two  anomalies  are  apparent  First,  the  fact  that  the  liv 
drogen  embrittlement  <jf  a  ni  i,  kel  - 1  ron  alloy  decreases  with  increasing  iron 
.-cirjtcrt  is  purzUng.  espeiiaiiv  when  one  (oiisiders  that  iron  is  the  car:!  si 
metal  to  eir.brit'b'  wit.b  liyurogen  Secondly,  whv  copper,  whu  h  is  the 
neighbor  of  mekol  in  the  periodic  table,  i.s  not  embrittled  by  hydrogen  and 
more  generally,  why  only  transition  metals  have  bi’en  Ihu.s  tar  embrittled 
by  tiydrogen? 

Several  possible  reasons  whu  h  might  ac  ot.ni  .i.-r  be  first  of  Ihe.se 
(juvstions  and  a  tentative  explanation  for  both  tlie.se  questions  a.'^  a  whole 
will  be  pre.sented. 

It  IS  known  that  the  strength  level  and  tin-  liuclility  of  an  alloy  are 
in!port.ai>t  fact.ars  governing  its  susu;  ep'ibi )  itv  to  hydrogen  embritllerovnt 
(It)  An  alloy  is  more  amenable  to  emb.'ittlement  when  its  strength  ievei 
IS  incrca.sed  or  it.s  ductility  decreased.  The  niei  lianica!  properlie.s  ef  tlie 
alloys  (Table  II)  indicate  that,  except  possibly  for  copper,  tins  factor  can¬ 
not  account  for  their  differences  in  behavior  .sincv.  for  e.xample  the  51% 

Ni  -  49%  Fe  alloy  has  a  higher  strength  level  and  a  lower  ductility  than  the 
7  2%  Ni  -  2b%  Fe  alloy  and  yet  is  ies.s  en'.brilt.'ed  bv  hvdrogen. 

A  second  possible  reason  for  the  behavior  is  the  variation  of  lattice 
parameter  with  composition  The  lattice  iiar-imeter  of  nickel-iron  allocs 
increases  by  u  .o  with  increasing  iron  content  from  ■'em  to  b0%  (20!  This 

corresponds  to  an  increase  of  o%  of  the  volume  ol  the  iiiterstinal  sites  for 
hydrogen  and  may  account  for  a  decrease  of  its  action  The  importance  of 
'bis  factor  is  hard  to  e.stimate  hut  ;t  >5  not  bclicv'evl  to  vary  eno'ugh  to  prc.- 
vide  a  conclu.sive  explanation 
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Thirdly,  the  vai  .ations  of  th<»  diff'us?ii)n  rate  ot  hydroj;ei»  A  Jlh  t  i>mpo 
t>ition  do  not  proxido  an  explanation  lor  the  v^r^niio’'  of  t*  nihr  1 1 1 1  «.  vviifi 

cc»mposition.  The  variation  of  tiie  dilliir.ion  rale  of  hydrogen  witii  th-.'  coiii- 
position  oi  Ni-Fe  alloys  is  preseii*^e<i  in  Fig.  7  Tl'.e  speed  "i  diffusiv  : 

of  hydrogen  is  higher  in  the  5  1%  Ni  -  Fe  alloy  wliu  h  is  not  c  jnbeitt  le d 

than  in  the  72%  Ni  -  28%  Fe  alloy  wh*».  Si  is  embrittled 

Jhi'aHy,  thi>ny)i  *hi'  rb;^r«Mng  <*o*wii*u>ny  s-^i  the  ses'en  N'-Or-l*'; 
v.'ere  identical,  it  ic  not  vt'^rtaiii  (lutl  their  hydrog<;ii  ■.ijni.'iits  were  eq-.al 
The  analyses  performed  do  not  give  a  eonrlusive  answer  U»  tins  quesfion 
I’he  51%  Ni  -  ‘19%  Fo  alloy  contained  4  ppm  of  hydrog<Mi  and  the  p\ire  nn  ke!. 
5  ppm.  This  diff  erence  is  fimall  and  may  be  due  to  evjje  rimental  Si.,itti  r 
Furthermore  tlie  hydrogen  distribution  of  the  spot  imens  is  known  to  he 
inhomogeneous  and  this  factor  decreases  the  signiluant  t*  of  any  hydrogrri 
analysis . 

Another  aspect  of  the  problem  will  be  now  considered  it  wii.  be 
shown  that  the  consideration  of  the  electronic  strucluri:  \>l*  till!  a  Jloy.s 
studied  niay  provide  an  explanation  for  ilu'  fact  that  only  •  rajis’.tinii  .-nf'.ils 
1  e.  iron,  titanium,  vanadium  and  nickel  have  been  !.'j  be  sus¬ 

ceptible  to  hydropen  cmlirittlcmenl  and  that  the  embrittlemi’nt  of  nu  k'-!  s 
decreased  if  its  alloyinp  with  iron  and  chromium  siu  ri’ases. 

It  IS  known  that  hydrogen  ionizes  when  it  goes  into  solution  ;ii  .i  mel.ii 
The  bare  protons  diffuse  in  the  metal  (22)  and  are  preferentially  located  in 
di  .locations  (23) 

Cottrell  has  described  a  mechanism  o!  Uie  fracture  of  a  metal  w-tiu  h 
implies  the  cracking  of  an  array  of  coalesced  disiocations  (24)  In  this 
theory,  the  energy  of  such  an  array  of  dislocations  and  the  stress  neces  • 
sary  to  make  it  g’-ow  indefinitely  are  calculated 

The  presence  of  hydrogen  in  these  arrays  of  dislocations  increases 
their  energy  and  hence  lowers  the  applied  stress  necessary  for  fracture 
(25).  possible  reason  for  this  increase  of  the  energy  of  an  ar  rav  of 
dislocations  due  to  the  presence  of  hydrogen  can  be  obtained  bv  an  analysis 
of  the  effect  of  hydrogen  on  electronic  structure. 

The  electrons  ol  the  hydrogen  atoms  in  solution  in  a  ‘ransition  metal 
have  been  shown  to  join  the  d  bands  of  the  metaliic  cores  (22)  as  schema¬ 
tically  shown  in  Fig.  8  (b)  and  (c)  On  the  other  hand  it  is  known  (26)  that 
the  repulsive  forces  determining  the  interatomic  distance  of  transition 
metals  such  as  isi  and  its  rieighbor  in  the  peiiodic  table.  Cu,  are  due  tr. 
the  overlapping  of  their  d  bands  It  may,  therefore,  be  expected  that  any 
increase  of  the  electronic  ccncentratiun  of  these  bands  produces  an  increase 
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of  the  repulsive  forces  between  tlie  metallic  loros.  i  e  an  increase  of  the 
eneri^Y  of  the  retiion  in  which  this  »  ffcct  occurs  Tins  effect  can  occur  only 
Nvith  a  transition  rnetal  whoso  3  d  band  is  not  lull  it  cannot  happen  in  cop- 
poi  or  any  non  - 1  rans  ition  nieial  which  has  a  completed  I  d  band 

Fu  r  th«‘ rmo  re.  this  eiloct  should  bo  le«.sono<i  whe/i  oitlior  iron  or 
clirc/mnnn  is  added  to  nickel.  The  electronic  concentration  of  iron  and 
chr<.'niiuni  are  lower  than  that  of  nickel  and  therefore  a  Ni-Cr-Fe  aliov 
also  nas  a  3  d  band  which  ii-i  lens  fuK  th.an  nickel  as  appears  in  f'l^  8  (ct) 
T'h<'  increase  of  energy  due  to  the  addition  of  extra  electrons  to  a  band  is 
hijjher  when  tlie  b.ind  i.s  nearly  filled  than  when  it  is  not.  Tlu^refore  whcfn 
a  tr.insjtion  mt'tai  on  the  h‘fl  of  nickel  in  the  periodit.  table  is  alloyed  with 
it.  the  incrc.ise  uf  energy  ilue  to  the  addition  of  hydrogen  to  the  alloy  de- 
c  .''‘nses  an<’  tlie  enibritllert;«-;it  n.ay  also  he  expect«^d  to  decrease  WhcMi 
enoiigh  iron  and  chromium  are  added  to  nickel  fo**  lhc‘  ^  *  a  transformation 

to  <u  c  ur,  the  change  of  stru«  tur(*  is  believed  to  act  omit  for  the  reversion  of 
this  trend,  i  e.  ferritic  Ni-Cr-Fe  is  strongly  einbrittJed  by  liydrogcn,  This 
assumption  is  supported  by  the  fa<  t  that  an  austemlir  .steel  w'hirh  is  not 
I' m  1  >r i  1 1 )t‘ d  b\  hydrogen  becomes  susceptible  to  embrittlement  if  it  undrr- 
g<^('s  tin  i  -*.1  t  rans fo r Ilia t ion 
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SUMMARY  AND  CONCLUSIONS 


Th#'  Fiis ce|jtihii if y  to  hydrogen  ornbrittlo-nieiit  oi  austenitic:  Ni-C^r-h  i- 
alloys  of  variovis  rompositior.s  and  of  OFHC  copper  has  been  investigated 

Nickel  and  nickeJ  ba.se-chToniium-5.ron  alloys  were  cinbritth'd  bv 
eathedically  introduced  hydrogen.  Their  emhrittlonienl  was  of  the  sS.tnie 
type  as  that  of  f.teel,  i.  e.  it  decrcasedas  strain  rate  int  roased.  dis 
appeared  at  low  and  high  tempt  ratures  and  was  eliminated  by  an  adecpi.r.te 
baking  treatment 

With  a  particular  charging  condition,  the  emhrtttlem':nt  of  r*  iK!e»n;i  u 
Ni-Cr-Ke  decreased  with  increasing  (chromium  +  iron)  content.  I'hi.s 
trend  ivas  not  explained  by  the  cons  ide  rat  ion  of  the  mc'th^^^niral  properties 
nor  by  the  lattice  parameter  of  the  alloysi, 

A  tentative  explanation  based  on  the*  consideration  of  the  e!ertronit 
configuration  of  the  alloys  studied  was  presented  to  explain  that  only 
transition  metals  are  capable  of  conventional  hydrogen  embrittlement  and 
that  the  hydrogen  embrittlement  of  Ni-Cr-ft  aMovs  decreases  witli  their 
(Fe  +  Cr)  content 

This  exiiJanalion  was  supported  by*  the  result  that  OFHC  copper  was 
not  embrittled  by  thermally  introduced  hydrogen. 


1  10 
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UNNOTCI-JED  TEIS'SILE  SPECIMEN  FOR  Ni-Cr-Fe  ALLOYS 


FIS.  I :  SPECIMEN  TYPES  USED  jw  THIS  INVESTISSTIOM. 
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FIG.3;  DUCTILITY  AT  FRACTURE  AS  A  FUNCTION  OF  STRAIN 
RATE  \H  A  CHARGED  AND  UNCHARGED  72%  NI-20%F« 
ALLOY. 
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Dm'T|LITY‘^R  A.”/i 
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TEST  TEMPERATURE  1,0  “F 

fig4;ductility  at  fracturr  as  a  function  of  test  temp  ¬ 
erature  IN  CHARGED  AND  UNCHARGED  NICKEL.  STRAIN 
RATE  0.05  IN /IN /MIN. 
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DUCTILITY  R  A  «/^ 


SO 


C  SPECIMtNS  CHARGED  4  HRS 
TEMP  ire'E 


CURRENT  DENSITY  22  AMP/SQ  IN 


AGIN6  TIME  oo  MIN 

FIG. 5:  INFLUENCE  OF  AGING  AT  250"F  ON  THE  DUCTILITY  OF  A 
HYDROGENATED  80%  Nl  -  20%  Cr  ALLOY. 
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FI(i6:it#Lli€NCE  OF  THE  COMPOSITION  OF  Ni-Cr-F«  ALLOYS 
ON  THEIR  HYDROGEN  EMBRITTLEMENT.  ALL  SPECIMENS 
WERE  CHARGED  4  HRS  AT  176®  F  WITH  A  CURRENT 
DENSITY  OF  22  AMP /SO  IN.  CIRCLED  FIGURES  REPRE¬ 
SENT  THE  REDUCTION  OF  DUCTILITY  BROUGHT  ON  BY 
HYDROGEN  CHARGING. 
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HYDRC3EN  DtFFUSION  RATH  CC/CM‘=  .  CM/rtOURS 


Ni% 

FIG.  7:  VARIATION  OF  THE  DIFFUSION  RATE  OF  HYDROGEN 
WITH  NICKEL  CONTENT  IN  BINARY  IRON- NICKEL 
ALLOYS  AT  VARIOUS  TEMPERATURES  (19). 
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ENfRCy  Of  ELtCTKCfiS 
(A)  DENSITY  Of  STATES  IN  COPPER 


E 

(0)  DENSITY  or  STATES  IN  A  NiBASE-P»-Cr  ALLOY 


FIG.e.DENSITY  OF  STATES  OF  THE  3d  AND  4s  BANDS  OF  COPPER. 
HYDROGEN  FREE  AND  HYDROGEN  CHARGED  NICKEL  AND 
OF  NICKEL  BASE-  CHROMIUM- IRON  ALLOYS. 
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